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ABSTRACT 
ABSTRACT 
This thesis entitled "Kinetics of oxidative polymerization of Aniline and 
substituted Anilines" deals with oxidative polymerization of few selected Aromatic 
Amines in acidic medium by ammonium per sulfate as an oxidant under pseudo-first 
order conditions with an aim to determine various kinetics parameters i.e. Specific 
rate constant, order of reaction with respect to each reactants, over all order of the 
reaction, rate expression and activation energies of the reactions. An attempt has also 
been made to suggest the possible structures of the different intermediates and 
copolymers formed during the course of polymerization reactions process through 
FTIR and UV-visible spectral analysis technique in order to have a better 
understanding of the mechanism involved in these processes. This thesis is divided 
into five chapters. 
The Chapter 1 deals with "a general overview of polyaniline" this chapter 
completely describes the research work carried on aniline and its derivatives by 
various research groups. This chapter also covers studies on (1) different forms of 
polyanilines (2) Doping and Electrical Conductivity (3) Synthesis i.e. chemical and 
electrochemical (4) Characterization i.e. electronic spectra, vibration spectra, NMR 
spectra and Electron Spin Resonance Spectra. 
The Chapter 2 of this thesis deals with over all experimental details, materials used 
and the different copolymers synthesized in various molar ratios for kinetic and 
structural studies. It also covers the methodology to prepare these copolymers by 
chemical oxidative process. A brief account of instrumental techniques for analysis of 
products formed during the course of polymerization is also given. 
Chapter 3 deals with oxidative polymerization of Aniline with o-, m- and p-
nitroanilines in acidic medium by ammonium per sulfate (APS) to study the 
kinetic parameters under pseudo-first order conditions to obtain reaction-order 
with respect to each reactants using first-order integrated rate equation 
k = (2.303/t) X log (D</D) or more properly from 
k = (2.303/t) X log (D«-Do/Doo-D). 
Since Doo is essentially constant, also, D= s 1 c, where e is the molar extinction 
coefficient, / is the thickness of the absorbing medium and c is the molar 
concentration. The spectrophotometric kinetic studies were performed on the 
basis of the absorbance (optical density) noted at Xniax (wavelength) as a 
function of time. These reading were conveniently made with a Genesis 20 
Spectrophotometer for relatively slow reactions. The sample was withdrawn 
from the thermostated reaction mixture for measurement. The progress of the 
polymerization was also followed by UV-vis spectroscopy. The reaction is 
observed to be first-order with respect to both amines and APS. It obeys the 
rate expression Rp=[amincs][APS]. The rate of polymerization of aniline with 
substituted anilines o-, m- and p- nitroanilines follow the rate of reaction (Rp) in 
the order 
Aniline> o-nitroamllne» p-nitroaniline> m-nitroaniline 
The relative values of rates of reaction depend on the electron withdrawing 
capacity by nitro-group in the respective positions. 
Chapter 4 deals with oxidative polymerization of Aniline with o-, m-
andp-toluidines in acidic medium by ammonium per sulfate (APS). 
This part of the study deals with the comparative studies on the effect of 
incorporation of o-,m- and/?-toluidine units in the polyaniline backbone and to 
study the kinetic parameters under pseudo-first order conditions to obtain the 
reaction-order with respect to each reactants using first-order integrated rate 
equation given in chapter 3. The progress of the polymerization was also 
followed by UV-vis spectroscopy. Here, also, the reaction is observed to be 
first-order with respect to both amines and APS. It obeys the rate expression, 
Rp=[amines] [APS]. The rate of polymerization of aniline with substituted 
anilines o-, m- and/?- toluidines follows the rate of reaction (Rp) in the order 
Aniline > o-toluidine> m-toluidine> p-toluidine 
The relative values of rate of reaction depend on the electron-donating capacity 
by methyl-group in the respective positions. The effect of temperature on the 
reaction is discuss on with the help of Arrehenius equation i.e. k=z e~ " ' This 
equation also helps to calculate the activation energy of the reaction. The plots 
of log k versus 1/T of the reaction give straight line with negative slope that 
confirm that the reaction follows first-order kinetics with respect to each of the 
reactant. Thus, finally (he rale expression is deduced for the reaction under 
study. 
Vibrational spectra taken for different copolymers of poly(aniline-co-
toiuidine) in various ratios show the characteristic bands of C=H, C-H,N-H,C-
H vibrations for benzenoid and quinoid units. 
Electronic spectra of the base form of poly(aniline-co-toluidine) in DMSO 
shows two major absorption corresponding n-^n* transition and benzenoid to 
quinoid exciton transition. A hypsochromic shift (blue shift) is found both in 
the exciton transition for the copolymers as compared to that in polyaniline. 
Chapter 5 of this thesis "spectroanalytical study on the oxidation of aniline 
with alkyl substituted anilines by ammonium per sulfate" deals with the 
kinetics of copolymerization of anilines with N-methylamine and N, N-
dimethylamine in acidic medium under pseudo first-order conditions to obtain 
the different kinetic parameters of the reacfion. The reaction follows truly first-
order kinetics with respect to each reactant. The order of reactivity of reacting 
aniline with N-methylamine is found to be greater than N.N-dimethylamine. 
The effect of temperature on reaction rate is discussed by Arrehenius equation. 
The rate increases according to Arrehenius theory. The plots of log k versus 
1/T give a negative slope. It also discusses the Electronic and vibrational 
spectra of the copolymers taken in dilute H2SO4. 
UV-vis spectra of the poly (aniline-co-DMA) in acidic medium shows 
major absorption peak at 246 nm for n-^n* transition and benzenoid to quinoid 
exciton transition also occur. 
The IR spectra of the co-polymer obtained after the polymerization of 
aniline with DMA displays basic vibration peaks that are the characteristics of 
different constituent attached to the benzene rings. 
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PREFACE 
This thesis entitled "Kinetics of oxidative polymerization of Aniline and 
substituted Anilines" deals with oxidative polymerization of few selected Aromatic 
Amines in acidic medium by ammonium per sulfate as an oxidant under pseudo-first 
order conditions with an aim to determine various kinetics parameters i.e. Specific 
rate constant, order of reaction with respect to each reactants, over all order of the 
reaction, rate expression and activation energies of the reactions. An attempt has also 
been made to suggest the possible structures of the different intermediates and 
copolymers formed during the course of polymerization reactions process through 
FTIR and UV-visible spectral analysis technique in order to have a better 
understanding of the mechanism involved in these processes. This thesis is divided 
into five chapters. 
The Chapter 1 deals with "a general overview of polyaniline" this chapter 
completely describes the research work carried on aniline and its derivatives by 
various research groups. This chapter also covers studies on (1) different forms of 
polyanilines (2) Doping and Electrical Conductivity (3) Synthesis i.e. chemical and 
electrochemical (4) Characterization i.e. electronic spectra, vibration spectra, NMR 
spectra and Electron Spin Resonance Spectra. 
The Chapter 2 of this thesis deals with over all experimental details, materials used 
and the different copolymers synthesized in various molar ratios for kinetic and 
structural studies. It also covers the methodology to prepare these copolymers by 
chemical oxidative process. A brief account of instrumental techniques for analysis of 
products formed during the course of polymerization is also given. 
Chapter 3 deals with oxidative polymerization of Aniline with o-, m- and p-
nitroanilines in acidic medium by ammonium per sulfate (APS) to study the 
kinetic parameters under pseudo-first order conditions to obtain reaction-order 
with respect to each reactants using first-order integrated rate equation 
k - (2.303/t) X log (Do/D) or more properly from 
k = (2.303/t) X log (D„-DyD„-D). 
Since D.^ , is essentially constant, also, D= £ I c, where z is the molar extincfion 
coefficient, / is the thickness of the absorbing medium and c is the molar 
concentration. The spectrophotometric kinetic studies were performed on the 
basis of the absorbance (optical density) noted at ^^ a^x (wavelength) as a 
function of time. These reading were conveniently made with a Genesis 20 
Spectrophotometer for relatively slow reactions. The sample was withdrawn 
from the thermostated reaction mixture for measurement. The progress of the 
polymerization was also followed by UV-vis spectroscopy. The reaction is 
observed to be first-order with respect to both amines and APS. It obeys the 
rate expression Rp=[amines][APS]. The rate of polymerization of aniline with 
substituted anilines o-, m- and/?- nitroanilines follow the rate of reaction (Rp) in 
the order 
Aniline> o-nitroaniline» p-nitroaniline> m-nitroaniline 
The relative values of rates of reaction depend on the electron withdrawing 
capacity by nitro-group in the respective positions. 
Chapter 4 deals with oxidative polymerization of Aniline with o-, m-
andp-toluidines in acidic medium by ammonium per sulfate (APS). 
This part of the study deals with the comparative studies on the effect of 
incorporation of o-,w- and /?-toluidine units in the polyaniline backbone and to 
study the kinetic parameters under pseudo-first order conditions to obtain the 
reaction-order with respect to each reactants using first-order integrated rate 
equation given in chapter 3. The progress of the polymerization was also 
followed by UV-vis spectroscopy. Here, also, the reaction is observed to be 
first-order with respect to both amines and APS. It obeys the rate expression, 
Rp=[amines] [APS]. The rate of polymerization of aniline with substituted 
anilines o-, m- and/?- toluidines follows the rate of reaction (Rp) in the order 
Aniline > o-toluidine> m-toluidine> p-toluidine 
The relative values of rate of reaction depend on the electron-donating capacity 
by methyl-group in the respective positions. The effect of temperature on the 
reacfion is discuss on with the help of Arrehenius equation i.e. k=z e" " ' This 
equation also helps to calculate the activation energy of the reaction. The plots 
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of log k versus 1/T of the reaction give straight line with negative slope that 
confirm that the reaction follows first-order kinetics with respect to each of the 
reactant. Thus, finally the rate expression is deduced for the reaction under 
study. 
Vibrational spectra taken for different copolymers of poly(aniline-co-
toluidine) in various ratios show the characteristic bands of C=H, C-H,N-H,C-
H vibrations for benzenoid and quinoid units. 
Electronic spectra of the base form of poly(aniline-co-toluidine) in DMSO 
shows two major absorption corresponding n-^n* transition and benzenoid to 
quinoid exciton transition. A hypsochromic shift (blue shift) is found both in 
the exciton transition for the copolymers as compared to that in polyaniline. 
Chapter 5 of this thesis "spectroanalytical study on the oxidation of aniline 
with alkyl substituted anilines by ammonium per sulfate" deals with the 
kinetics of copolymerization of anilines with N-methylamine and A", A"-
dimethylamine in acidic medium under pseudo first-order conditions to obtain 
the different kinetic parameters of the reaction. The reaction follows truly first-
order kinetics with respect to each reactant. The order of reactivity of reacting 
aniline with N-methylamine is found to be greater than N,N-dimethylamine. 
The effect of temperature on reaction rate is discussed by Arrehenius equation. 
The rate increases according to Arrehenius theory. The plots of log k versus 
1/T give a negative slope. It also discusses the Electronic and vibrational 
spectra of the copolymers taken in dilute H2SO4. 
UV-vis spectra of the poly (aniline-co-DMA) in acidic medium shows 
major absorption peak at 246 nm for 7t->7i:* transition and benzenoid to quinoid 
exciton transition also occur. 
The IR spectra of the co-polymer obtained after the polymerization of 
aniline with DMA displays basic vibration peaks that are the characteristics of 
different constituent attached to the benzene rings. 
HI 
CHAPTER 1 
A GENERAL OVERVIEW OF POLY ANILINE 
C H A P T E R 1 
A GENERAL OVERVIEW OF POLYANILINE 
1.1. Introduction 
In the recent years, polyanilinc has emerged as fascinating and 
promising conducting polymer owing to high electrical conductivity, 
environmental stability and processibility making it as potential 
substance for electrical and electronic applications [1-5]. It was the first 
conducting polymer whose electronic properties could be reversibly 
controlled both by protonation and charge-transfer doping [6-8]. Other 
factors that contributed to the research interest on polyanilinc are (1) the 
case of preparation i.e. the conversion of monomer to polymer is 
straightforward. (2) peculiar conduction mechanism, (3) polymerization 
reaction proceeds with high yield, (4) high environmental stability, (5) it 
can easily be converted from an insulator state to conducting form by 
external protonie acid doping. (6) it can easily be deprotonated by the 
use of an alkali. (7) The monomer is inexpensive and (8) processing of 
polyanilinc is much easier than other conducting polymers. 
Polyanilinc is a typical phenylcnc based polymer having a 
chemically flexible -NH group in the polymer chain flanked either side 
by a phenylcnc ring. In its nonconductive undoped or base form, polyanilinc 
has been referred to as poly (/7-phenylencamineiminc) and may be given by 
the formula 
(-C6H4-NH-CJi4-NH-)y(-C6H4-N=C6H4=N-)l-y 
where the sample average 'y' may vary in the range 0 < y < 1 [9]. 
Conversion to a conductive form is accomplished by either protonie or, 
electronic doping, 'fhc protonation, deprotonation and other 
physicochemical properties of polyanilinc are due to the presence of -
Nil groups in the polymer chain. 
Basically polyaniline is an oxidative polymeric product of 
aniline under acidic condition and can be considered as a new version of 
'aniline black' discovered in 1862 [10]. At the beginning of the 
twentieth century, scientists began investigating the constitution of 
aniline black. In 1910, Green and Woodhead [11] were able to present 
various constitutional aspect of aniline polymerization. According to 
them, there are four different forms for polyaniline namely, emeraldine, 
nigraniline. pernigraniline and leucoemeraldine. They reported that 
there are four quinoid stages derived from the parent compound 
leucoemeraldine. In accordance with an eight nuclei structure, the 
conversion of emeraldine into nigraniline consumes one atom of oxygen 
and emeraldine into pernigraniline consumes two atoms of oxygen. The 
reduction of emeraldine into leucoemeraldine consumes four atoms of 
hydrogen and the reduction of nigraniline into leucoemeraldine 
consumes six atoms of hydrogen. Finally in the reduction of 
pernigraniline into leucoemeraldine, eight atoms of hydrogen are 
required. 
In 1968. Survillc et al. [12] reported proton exchange and redox 
properties with the influence of water on the conductivity of polyaniline. 
However, explosive research on polyaniline as a conducting polymer 
started only after the discovery by Shirakawa group that iodine doped 
polyacetylene shov '^cd metallic conductivity [13]. In the modern 
perspective polyaniline was thus rediscovered in 1980's [14, 15]. 
1.2. Different Forms of Polyanilines 
As mentioned earlier, accepted structures of polyaniline, date back from 
the early work of Green and Woodhcad[l 1]. Polyaniline has benzenoid 
and quinonoid repeat units connected with nitrogen atoms. It can be 
visualized as built up from reduced (B-NH-B-NH) and oxidized (B-N-Q-
N) repeat units where 'B' and 'Q' denote benzenoid and quinonoid units 
respectively [16-18]. Depending upon the oxidation state, the ratio of 
amine to imine nitrogen, it can exist in various unique structures as 
represented in figure- 1.1, The unprotonated forms of polyaniline can 
simply be given by the structure. 
/ -^  NH—(/ y-NH- ,.0^0^ i-y
B Q 
where the oxidation state of the polymer increases with decreasing value 
of y. The average oxidation state (1-y) can be varied continuously from 
zero corresponding to completely reduced polymer called 
leucoemeraldine (light yellow in color) to 0.5 to give the half oxidized 
emeraldine (green) and to 1 to give completely oxidized pernigraniline 
(violet). MacDiarmid et al. [19, 20] suggested two more oxidation states 
and colors for polyaniline, namely, protoemeraidine (light green) and 
nigraniline (blue). Of these, protoemeraidine and emeraldine can be 
protonated at the imine nitrogen to give the corresponding salt resulting 
in high electrical conductivity [19-21]. The degree of protonation 
depends on the oxidation state of the polymer and on the pH of the acid 
used. 
£y-NH_/\_^ •NH n 
Leucooneraldine, Oxidation State=0 
1/2'-^ 
Emeraldine, Oxidation State=0.5 
POTiigraniline, Oxidatic»i State = 1 
= N -
W-J 
Protoemsraldine, Oadation State=0.25 
Figure 1.1 Different forms of polyaniline 
Complete protonation in the imine nitrogen atoms in emeraldine 
base results in the formation of delocalized polysemiquinone radical 
cation [16, 18, 19] followed by a tremendous increase in the 
conductivity. Transformation between various forms of polyaniline is 
presented in figure-1.2. 
violet pemigraniline base 
H~^g)-N=<;^ 
green proionated emeraldine blue emeraldine base 
y.^ 
colourless leucoemeraldine 
Fig. 1.2 
The synthesis and characterization of different forms of 
polyanilines have been investigated thoroughly by many research groups 
[20-23]. A number of new approaches for preparing polyaniline with 
high intrinsic oxidation state (high quinonoid aniline to benzenoid amine 
state) have been reported [22-25]. Considerable discrepancies are also 
found in the reported results [24]. XPS studies have been successfully 
employed to differentiate the various intrinsic redox states of polyaniline 
[26,27]. A number of subsequent studies on the chemically [28] and 
electrochemically [29, 30] synthesized polyaniline have revealed that the 
protonation of quinonoid imine (^N-) benzcnoid amine (—NH-) and 
positively charged nitrogen atoms corresponding to a particular 
oxidation state and protonation level can be quantitatively differentiated 
in the properly curve fitted core level diagram. 
1.3. Doping and Electrical Conductivity 
Polyaniline becomes highly conductive, only after a process 
called 'doping'. Doping of polyaniline with assisted control of electrical 
conductivity over a full range from insulator to metal is usually achieved 
either by chemically using a protonic acid or by electrochemical means. 
Concurrent with doping, the electrochemical potential is moved either 
by a redox reaction or by an acid-base reaction into a region of energy 
where there is a high density of electronic states, and charge neutrality is 
maintained by the counter ions. Therefore, polyaniline in the conducting 
form basically exists as a salt. By controllably adjusting the doping 
level, electrical conductivity any where between that of a undoped 
insulating and that of a fully doped conducting form of a polyaniline can 
be achieved. 
MacDiarmid and Chiang [31] suggested that the pKg of 
polyaniline is linearly related to the pH of the medium as-
pKa = 0.48 pH-0.043 —(1.1) 
A theoretical treatment of protonic acid doping was considered by 
Reiss [32] using a proton adsorption isotherm, based on strong repulsive 
interaction between protons and nearest neighboring nitrogen atoms. 
In mid 1980's. MacDiarmid and coworkers [33] have 
demonstrated that polyaniline can be rendered conducting through two 
important routes as depicted in figure-1.3, namely-(l) Oxidation either 
chcmicallv or elcctrochemically of the Icucocmeraldinc base (p-doping) 
and (2) Protonation of the emeraldine base through acid-base chemistry 
(non-redox doping). 
/ ^ NH / \ NH /A -NH- / \ 
/ ^ NH 
•+ 
A' 
/A 
+2A" 
-It Oxidation 
NH /A -NH-
•+ 
/ \ 
Fntemal redox reaction 
Poiaron lattice formation 
NH-
> 
-NH. 
A" V 
NH-
+ 
A' 
2H 
+2A' 
.. + Protonation 
< ^ N H - ^ ^ N H ^ ^ N = =^N-
Figure-1.3 
In both the routes insertion of counter-ions is involved. Therefore, in 
the conducting state polyaniline exists as a polycation with one anion 
per repeat unit. 
Emeraldine base form of polyaniline was the first example of the 
doping of an organic polymer to a highly conducting state by non-redox 
doping with aqueous protic acid that is accompanied with an increase in 
electrical conductivity by -10 orders of magnitude [33-36]. It differs 
from the redox doping in that, the number of electrons associated with 
the polymer backbone does not change during the doping process. 
Protonation by acid-base chemistry leads to an internal redox reaction 
and conversion of insulating emeraldine base to conducting salt. Upon 
protonation of the emeraldine base, the proton induced spin unpairing 
mechanism leads to a structural change with one unpaired spin per 
repeat unit, but with no change in the number of electrons [37, 38]. This 
results in a half-filled band and a metallic state, where there is a positive 
charge in each repeat unit and an associated counter-ion. But this 
remarkable conversion is not well understood from the view point of 
basic theory. 
The electrical conductivity after protonation depends on the ratio of the 
reduced and oxidized units as well as the extent of protonation. It has been 
postulated that the imine nitrogens of the emeraldine base are preferentially 
protonated under strong acidic conditions [31, 39]. Direct synthesis of 
emeraldine hydrochloride by oxidizing aniline in acidic solution may not 
involve the protonated imine structure as an intermediate, but the final 
polymer is likely the same [40]. 
The electrical conductivity of polyaniline increases many folds 
after doping which can be tuned between a wide conductivity range 
depending on the polymerization conditions. It has been observed that 
the conductivity depends on [41-43] - (i) the pH of the solution, (ii) 
temperature of synthesis, (iii) degree of protonation, (iv) nature of the 
oxidant used, (v) degree of crystallinity; (vi) molecular weight of the 
polymer and extent of conjugation and (vii) nature of the substitutent 
attached to the phenyl ring. 
1.4. Synthesis 
Polyaniline is generally prepared either by chemical or by 
electrochemical oxidation of aniline under acidic conditions. Chemical 
method is considered to be more useful than electrochemical method 
from the viewpoint of mass production of polyaniline. Whenever thin 
films and better ordered polymers are required, electrochemical method 
is preferred. Both electrochemical and chemical methods of 
polymerization follow head-to-tail coupling mechanism [44]. 
Electrochemical experiments have indicated that the oxidative 
polymerization of aniline occurs at 0.8V. The oxidants such as 820^^", 
H2O2, Ce "^ , Cr207 ', etc. are capable of affecting the chemical oxidative 
polymerization of aniline. Toshima et al. [45] have succeeded in 
polymerizing aniline and its derivatives by using Cu(Il) salts and oxygen 
in acetonitrile-water medium. 
Another important aspect regarding polyaniline synthesis is the 
acid dissociation constant pKg. It is because of the reason that the 
protonation equilibria involves exclusively the quinone diamine segment 
in polyaniline, having two imine nitrogens pKai=1.05 and pKa2=2.55 
[46]. Therefore, any acid whose pKg value falls within this range can act 
as a dopant. Acids having pKg value around that of an anilinium ion (pKg 
= 4.6) is suitable as a solvent [47]. The properties of final polymeric 
products depend on the chemical nature of the acid used, pH of the acid 
and temperature of the synthesis. 
1,4.1. Chemical Synthesis 
Polyaniline is generally synthesized by chemical method by 
dissolving aniline in HCl or H2SO4 using ammonium per sulphate as 
oxidant [48-53]. This polymerization is a two electron change reaction 
and hence the persulphate requirement is one mole per mole of the 
monomer. Higher quantity of persulphate is generally avoided as it 
causes oxidative degradation of the polymers. For better polymer 
formation both the aniline solution in protonic acid and oxidants are pre-
cooled to 3-5°C. The mixture is stirred for two hours and the 
precipitated emeraldine salt is filtered, washed and dried. The 
emeraldine base is prepared by treating the salt with ammonium 
hydroxide. The polymerization process can be represented as-
Ar-NH2 Ar-NH2 
Ar-NH2 • Ar-NH-Ar-NH2 • 
S208^ ~ 2e-, - 2 i r 
After oxidation 
Ar-NH-Ar-NH-ARNH2 • Polyaniline 
High molecular weight polyanilines are made possible by lowering 
the temperature [54, 55]. Mattoso et al. [54] reported that polyaniline 
with a molecular weight of 417000 was prepared by oxidative 
polymerization of aniline with ammonium peroxy disulphate at about 
40°C. Salts such as LiCl, CaCl2 or LiNOs etc. added to the reaction 
mixture also favor the formation of polyaniline with higher molecular 
weight. Yue et al. [56, 57] reported the synthesis of sulphonated 
polyaniline with aqueous processibility and pH independent conductivity 
for pH < 7.5. Later, Wei and Epstein [58] reported an alternative 
approach to synthesize sulfonated polyaniline with a higher sulphur to 
nitrogen ratio and with a higher solubility. Just as fuming H2SO4 is used 
to improve the processibility, Chen et al. [59, 60], Roy et al. [61] and 
Wei et al. [62] have reported that introduction of a functional group can 
make polyaniline soluble in organic solvents or in aqueous solution. 
Recently, Lin et al. [63] reported the synthesis of water soluble 
polyaniline by a biological route using an aqueous solution containing 
aniline, sulphonated polystyrene, hydrogen peroxide and peroxidase 
enzyme. They used highly hydrophilic sodium dodecylsulphate as a 
template to aid the formation of a polyaniline with more ordered, para-
directed and head-to-tail polymerized structure to form 
polyaniline-.sodium dodecylsulphate complex to make it water soluble. 
Very recently, Zhe Jin et al. [64] used a novel method for polyaniline 
synthesis with the immobilized peroxidase enzyme. 
1.4.2. Electrochemical Synthesis 
Electrochemical synthesis of conducting polymers is an electro-
organic process in which the active species is generated on the electrode 
surface through electron transfer between the substrate molecule and the 
electrode. The substrate molecule is transformed to a radical cation or 
anion and the reaction is diffusion controlled. The radical generated 
react faster than they can diffuse away from the electrode vicinity. 
Electrode materials normally used are transition metals or noble metals. 
Anodic oxidation of aniline is the preferable method to obtain clean and 
better ordered polymer as a thin film. The oxidation of an organic 
substrate of the anode surface can occur by either of the following steps 
as shown in figure-1.4 
R 
at anode 
-•R" 
• RN^ 
#-R + R 2+ 
- • R 
Addition Reaction 
disproportionation 
- • R - R 
•> R"" Carbocation 
\2+ 
• (RR) dimer ion 
-•R^^ dication 
Fig-1.4 
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Acidic condition 
^ NH2-Ar-Ar-NH2 
Neutral condition 
ArNHj t • Ar-NH-Ar-NH, 
Alkaline condition 
- • R~Ar-N=N-Ar-R 
Fig-1.5 
From figure-1.5, it is clear that the reaction is highly pH 
dependent. Electrochemical method also offers an opportunity to carry 
out various in-situ spectroscopic studies as well as conductivity and 
doping measurements level at various potentials by use of QCMB 
(Quartz Crystal Micro Balance). 
Electrochemical synthesis is achieved by three ways viz. 
1 Galvanostatic - constant current, 1-lOmA during electrolysis, 
2. Potentiostatic - keeping potential constant, 0.7-1.IV versus 
standard electrode and 
3. Sweeping potential-between two potential limits -0.20V to 1.0 
V versus some standard electrode. 
The electrochemical polymerization of aniline was first reported 
by Litheby in 1862 [10] as a test for the determination of small 
quantities of aniline. Almost 100 years later in 1962, the interest in the 
electrochemistry of aniline got revived, when Mohilner et al. [66] 
reported the mechanistic aspect of aniline oxidation, Buvelt et al. [67] 
studied the influence of water on conductivity measurement. 
12 
The electrochemical oxidation of aniline into polyaniline has 
been studied extensively by Adams et al [68]. They established that the 
electrochemical oxidation product of solution of aniline (10m mole) in 
O.IM H2SO4 was identical with emeraldine suggested by Green and 
Woodhead [69] and reported electrokinetic parameters for aniline 
oxidation such as transfer coefficient and reaction order from 
concentration dependency. They also proposed an oxidation mechanism 
for the preparation of emeraldine which was considered to be a head-to-
tail oligomer, an octamer rather than a polymer. The electrolysis when 
conducted in a basic media, the major product was observed to be the 
head-to-head dimer. azobenzene [70]. 
Major interest in the electrochemistry of polyaniline was started 
after the discovery that aromatic amine, pyrrol, thiophene etc. can be 
polymerized anodically to a conducting film, Diaz et al. [71-73], Genies 
et al. [74] and Noufi et al. [75] reported the preparation of polyaniline 
in an aqueous acid solution using platinum electrode by cycling a 
potential between -0.2 to 0.8V versus standard calomel electrode. 
Thaskova and A. Milchev [77] reported that the growth of 
polyaniline film was drastically enhanced when the pulse potentiostatic 
method was used. They indicated that the pulse method did not affect 
the formation of first nuclei, but the early stage, where the 
oligornerization reaction and further growth up to the formation of 
polymer films took place. 
Cui et al. [78, 79] attributed the origin of the difference observed 
during the static potentiostatic and potentiodynamic growth of 
polyaniline to the accumulation of larger amounts of degradation 
products trapped within the polymer matrix when the static 
potentiostatic step is used. 
Yang and Bard [80] reported that polyaniline film growth by the 
potentiodynamic method at faster scan rates are more uniform and 
compact than those grown at slower scan rates. Rubinstein [81] et al. 
pointed out that the temporary application of a cathodic bias during the 
anodic polyaniline growth brought about an effect of electrochemical 
film annealing. Nunziante and Pistoia [82] reported that polyaniline film 
grown galvanostatically had fibrous morphology. 
MacDiarmid et al. [83] described that the first redox peak of 
polyaniline during electrochemical synthesis arises from the transition of 
leucoemeraldine to protoemerldine as well as protoemeraldine to 
emeraldine and the second oxidation process from the further oxidation of 
emeraldine to nigraniline and later to pernigraniline. The pH dependency 
of the two redox process was supported later by Sawai et al. [84] from 
direct observation of pH change. Yoneyama et al. [85] demonstrated that 
oxidized polyaniline films become inactive when they are deprotonated 
with weak acidic or alcoholic solutions. Yildiz et al. [86] studied the 
electrochemical behavior of polyaniline in acetonitrile and reached the 
same conclusion. Through Scanning Electrochemical Microscopy, Frank 
and Denauk [87] suggested the occurrence of an ingress and egress of 
protons from polyaniline films during the redox process. Peter et al. [88] 
suggested that the electroneutrality of the film is maintained primarily by 
rapid proton transfer through the film. Polyaniline prepared at different 
potentials showed different conductivities. Efforts were made to measure 
their values in situ by Paul [89] and Gholamian [90] using closely spaced 
ultra microelectrodes. Gholamian et al. [90] constructed from their data, a 
comprehensive 3D conductance surface 'state diagram' in which polyaniline 
conductivities arc plotted as a function of applied potential. Focke et al. 
[91] also obtained a similar result and found that the type of anion present 
also affects the conductivity. 
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More complete 'state diagram' was compiled by Genies and Vieil 
[92]. Later, Genies and Tsintavis [93] suggested that the maximum 
conductivity is obtained when anion insertion is complete. Yoneyama et 
al. [94] concluded after examining eight anions of different basicity that 
the greater is the basicity of the counter anion the lower is the 
conductivity of the polyaniline films. 
1.5. Characterization 
To characterize polyaniline various instrumental techniques are 
generally used. Most frequently used are the spectroscopic methods. 
Electronic and vibrational energy levels of molecules are affected by 
their environment. The interaction is determined by the electronic charge 
distribution in the ground and excited electronic states, polymer-dopant 
interaction etc. These effects are reflected in the shape and intensities of 
the absorption bands. 
1.5.1. UV-VIS Spectra 
A more sophisticated technique i.e. spectroscopic method is 
widely used to characterize conducting polymers. The spectra can be 
treated as a qualitative measure of the overlap of their 7i-orbitals. The 
existence of a specially extended TT bonding system in polyaniline gives 
rise to electronic transitions in UV-VIS region. The dominant peak is 
usually associated with TI^TT:* transition. Generally polyaniline salt 
shows three absorption positions corresponding to 7t->7i* (-320 nm), 
polaron->7i* (-420 nm) and Ti-^poloran (-800 nm) transitions [95]. 
Emcraldinc base generally shows two absorption corresponding to 7r->7i* 
(320 nm) and exciton transitions corresponding to benzenoid->quinoid 
(-630 nm) rings. The UV-VIS spectrum of polyaniline depends strongly 
on the oxidation state. Peak around (-310-333 nm) is associated with 
Ti^Ti* transition in benzenoid ring [96, 97]. Partial oxidation of 
polyleucoemeraldine results in a second peak in visible region (-630 
nm) whose intensity increases with polymer oxidation state, which is 
associated with exciton transition in quinoid rings. Oxidation to 
pernigraniline results in a blue shift in the quinoid as well as 7i->7i* 
TRANSITIONS. In polycmeraldine salt, a band around 400 nm is observed 
and a steadily increasing absorption tail extended towards NIR region 
(-800 nm). 
Monkman et al. [98] suggested that the band at ~840nm is due to 
the trapped excitons centered on quinoid moieties generated during 
oxidation and the shoulder at 425 nm is due to the semi-quinone. Cao et 
al. [99] have reported three spectral features at leV, 1.5 eV and 3 eV for 
a polyaniline film spin cast from a sulfuric acid solution on sapphire 
substrate. Tanaka et al. [100] also has carried out extensive study on the 
electronic and vibrational spectra of polyaniline. Yue et al. [101] 
reported that the ;i->7r* transition in a self-doped sample of polyaniline 
occurs at 320 nm (-3.88 eV) and polaron transitions at 435nm (-2.85 
eV) and 850 nm (1.46 eV). In another report by Yue et al. [102], the 
effect of sulphonic acid in polyaniline backbone in causing shift in UV-
VIS absorption peaks are discussed. They suggested that sulphonation 
causes an increase in the adjacent phenyl ring torsional angles to relieve 
the steric strain, affecting the electronic transition. Wei et al. [103, 104] 
synthesized highly sulphonated polyaniline with aqueous processibility. 
They used both emeraldine and pernigraniline as starting materials to 
prepare sulphonated polyaniline. They reported that UV-VIS absorption 
bands of leucoemraldine base - sulphonated polyaniline (LEB-SPAN) in 
aquous O.IM NH4OH are blue shifted relative to those of emeraldine 
base - sulphonated polyaniline (EB-SPAN). 
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1.5.2 Vibrational Spectra 
FTIR spectroscopy is a powerful tool to study the structural 
changes that occur during oxidation process. Oxidative process 
generally gives rise to new infra-red active modes whose appearance is 
associated with the formation of the polymer. Usually the observed 
modes are independent of the type of dopant anion inserted in the 
polymer chain. Hassan et al. [105], Kuzmany et al. [106], Shacklette et 
al. [107], Epstein et al [108] and Bloor et al. [109] have reported FTIR 
results of polyaniline. It has been shown that absorption frequencies are 
strongly influenced by the electrochemical potential. 
It has been reported that the intensity of-1570-1590 cm'' band 
relative to -1500 cm"' is a measure of the degree of oxidation of 
polymer film. Similarly, the peak at -1375 em'' which is due to the 
formation of semi quinoid ring -N ring [111] whose intensity also 
increases with the degree of oxidation [110] and fully quinoid ring 
absorption observed at -1630 cm'' and -1150 cm''. In every oxidation, 
the decrease in intensity at -1630 cm"' indicates degradation of the 
quinoid structure as reported by Hazda et al. [111]. 
During electrochemical doping, the absorption intensities increase 
a t -1563, -1477, -1300, -1244, -1158 and-1041 cm'' while absorption 
at 1507 em''shows a decrease in intensity. When the anodic potential 
exceeds 600 mV, increase in absorption intensities at 1627, 1578, 1507, 
1376, 1339 and 1100 cm"' are observed. During oxidation, absorption 
due to benzenoid -1500 cm"' decrease in intensity at -1570 cm' and 
^1470-1490 cm"' due to quinoid ring is observed. 
Neugebauer et al. [112] have studied FTIR spectrum of 
polyaniline by carrying out FTIR measurements during cyclic 
voltammetric experiments at pH=4.5 and observed a sharp increase in 
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absorption at --1380 -1490, -3880 -1245 and -1140 cm'' and decrease 
at -1600, -1510 cm"' and -1300 cm"'during oxidation. These changes 
may be due to the transition of benzenoid (-1600 cm"'and -1510 cm"') to 
quinoid (-1580 cm"' and -1490 cm"') which is similar to the oxidation of 
polyaniline under acidic condition. 
1.5.3, Nuclear Magnetic Resonance Spectra 
Kenwright et al. [113] suggested that the solubility of both 
polyleucoemeraldine and polyemeraldine bases in N-methyl pyrrolidone 
(NMP) allows the registration of '^C-NMR spectra of these compounds. 
In an ideal chain of polyleucoemeraldine, only two types of non-
equivalent carbons are present (i) carbons bonded to hydrogen and (ii) 
carbons which do not form bond with hydrogen. Two major peaks in the 
chemical shift regions corresponding to aromatic carbons are observed at 
117.8 ppm and 137.4 ppm. In addition to these dominant peaks, several 
peaks of low intensity are also recorded which are associated with 
polyleucoemeraldine chain defects of various types. However, Monkman 
et al. have suggested that these peaks are practically non-existent. 
A more complicated spectrum is expected for polyemeraldine 
base, because of the co-existence of reduced bezenoid and oxidized 
quinoid units in the polymer chain, which produces eight groups of non-
equivalent carbons. But the number of observed lines significantly 
exceeds the expected eight lines corresponding to eight non-equivalent 
carbons as a consequence of the introduction of quinoid rings. 
In the polyleucoemeraldine base, phenyl rings are coupled 
together by rotational junction point (amine nitrogen) giving a single 
structure. On the other hand, the polyleucoemeraldine base consisting 
of quinoid ring and two imine nitrogen atoms are rotationally locked 
which in turn leads to cis-trans isomerism. Several conformations 
leading to distinctly different NMR lines can therefore be expected. 
Kenwright et al. [113] have suggested four such transformations for 
polylecucoemeraldine. 
Kenwright et al. [113] and Ni et al. [114] have proposed the 
assignment of principal NMR lines of polyemeraldine base by 
comparison with low molecular weight model compounds. The use of 
d.e.p.t.-90 technique allowed for the differentiation between protons 
bonded carbons and those carbons atoms which do not form bonds with 
hydrogen. 
Kaplan et al. [115] have reported '^N-NMR of polyaniline to 
elucidate the structure of leucoemeraldine and an emeraldine base by 
taking /?-amino biphenylamine as a model compound. They reported a 
single peak at 54.2 ppm due to -NH group in polyleucoemeraline and at 
61 ppm and 62.3 ppm for emeraldine base and emeraldine salt 
respectively. 
Stein et al. [116] performed '"'C-NMR on both doped and 
undoped emeraldine and recorded the peaks at 118. 142. 131 and 134.7 
ppm for protonated polyaniline and at 141 and 155 ppm for 
leucoemeraldine base. 
Li et al. [117] reported chemical shifts observed in ' H - N M R 
spectrum of soluble polyaniline doped with p-toluenesulfonic acid and 
recorded peaks at 6.97 ppm and 7.99 ppm for C-aromatic, 3.54 ppm and 
3.26 ppm for C-H aliphatic and 5.82 ppm for NH. 
Trivedi et al. [118,119] have reported for 'H-NMR shift in 
dimcthylsulphoxide (DMSO) with reference to trimethylsilane (TMS). 
Trivedi [119] has also reported a ''C-NMR chemical shift for 33% doped 
polymer. Sandberg et al. [121] have also reported '^ ^C-NMR of various 
forms of polyaniline. 
Raghunathan et al [122] have suggested '^C-CPPMAS-NMR 
spectra of polyaniline doped with 5-sulphosalicylic acid and p-
toluenesulphonic acid. 
1,5.4. Electron Spin Resonance Spectra 
The aim of spin dynamics studies is to specify the motion of the 
electron spins that are present in a given compound. This motion 
reflects basic properties such as magnetism or transport. The true 
motion of the spin carriers are associated with polarons in conducting 
polymers and can be used in transport property studies. While discussing 
with the spin dynamics in conducting polymers, one has to take the 
factors such as interchain coupling, finite chain length, chain defects 
like traps, disorder, chain interruptions, anomalous diffusion etc. into 
account [123]. 
In contrast to the conventional methods for transport, spin 
dynamics is able to supply data at the microscopic scale and intra and 
interchain conductivity can be estimated. Moreover, the conductivity of 
the conducting phase can be determined in heterogenous samples, e.g., 
conducting islands in an insulating matrix or blend. Until recently, spin 
dynamics studies have been less concerned with polarons than with 
neutral solutions. 
The para magnetism in conducting polymers is basically due to 
unpaired 7X-electrons (as a result of defects) on the polymer backbone. 
The doping causes chemical modification of the system resulting into 
the creation of charge carriers along with transition from 
semiconducting to metallic state. ESR studies discuss this aspect by 
investigating the parameters such as the 'g' value, the peak to peak line 
width (AHpp), intensity of ESR absorption etc. 
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The intensity of ESR absorption relates to spin concentration. 
The 'g' tensor depends on the paramagnetic species present and the spin 
environment (For free election, g = 2.00232). The peak-to-peak line 
width AHpp depends on spin relaxation time. Homogeneously broadened 
lines have Lowrentzian shape, where as unhomogenously broadened 
lines have Gaussian shapes. Generally a combination of both occurs. 
A preliminary work on polyaniline combining conventional 
transport measurement and magnetic resonance data, frequency 
dependence conductivity, the proton relaxation etc. was first made by 
Travers et al. [124]. Mizoguchi et al. [125] was then made a detailed 
study on a set of emeraldine salt samples equilibrated in aqueous HCl 
solution of varying pH. The study included both NMR and ESR. They 
studied the spin lattice relaxation rate normalized to the spin 
concentrations as a function of frequency. 
Mizoguchi and Nechtschein [126] showed the relationship 
between interchain diffusion coefficient and Odc as a function of 
protonation level and then tested as a function of temperature. The 
interchain diffusion rate was then extracted from the data of the 
frequency dependence of ESR line v '^idth measured in the temperature 
range of (20-300)K. Wang et al. [127] studied the temperature 
dependence of ESR line width in polyemeraldine salt and proposed a 
description of the transport properties of polyaniline in terms of bundles 
with three dimensional metallic features. 
Wei et al. [128] studied the temperature dependence of ESR 
spectra of sulfonated polyaniline in the temperature range of 3K - 300K. 
They reported that the full width at half maximum height line width 
decreases with increasing temperature from 4.9G at 3K to IG at 300K. 
The ESR line width is narrowed by motional effect. As the temperature 
deceases, 'g' value is found to increase. Genoud et al. [129] have 
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reported the temperature dependence susceptibility for electrochemically 
prepared polyaniline equilibrated at various potentials, while 
temperature independent susceptibility is observed for chemically 
synthesized polyaniline. They reported that the polaron number 
increases at a rate of one per ten aniline rings and then deceases. 
Raghunathan et al. [130] have shown that electrochemically 
prepared polyaniline using /7-toluenesulfonic acid and 5-sulfosalicyIic 
acid as a dopant, exhibits a weak broad spectrum at 77K and at room 
temperature no ESR spectrum was observed indicating the formation of 
bipo/arons. Mfzoguchi [131] /ater studied ihc ESR line width as a 
function of frequency (inverse square root) for polyemeraldine for 
various protonation levels. 
Bacimgartem and Muellen [132] have investigated the nature of 
spin exchange interaction of poly (m-aniline). In their work, the energy 
spectra of two infinite one dimensional models of the poly(w-aniline), 
mainly the neutral and cation radical forms are theoretically 
investigated. The band structure is characterized by a wide energy gap 
with a half-filled band of nearly degenerate molecular orbitals. 
Choi et al. [133] studied the ESR of electrochemically prepared 
polyaniline tetrafiuoroborates and reported that the conductivities of 
various polyaniline samples increase with increasing AHpp and 
decreasing line asymmetry a/b ratio and decreasing 'g' value. Gupta et 
al. [134] made a detailed study on electron localization in substituted 
polyaniline. They concluded that the delocalization results in the line 
broadening caused by electron spin-spin dipolar coupling. In the case of 
N-substituted polyanilines, the conductivity decreases with decrease in 
AHpp and 'g' value. 
Recently, Langer et al. [135] reported the EPR studies on 
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microporous polyaniline. They reported that microporous polyaniline is 
strongly paramagnetic with EPR spectral parameters dependent on the 
electrical conductivity except for the sample prepared in presence of 
lithium cations, which stabilize the 'g' factor and the line asymmetry 
parameter on an almost constant level. 
1.6. Substituted Polyanilines 
Since it is very difficult to process polyaniline using common 
techniques, strategies were worked out to induce solubility and 
processibility in polyanilines. One method is by substituting one or 
more hydrogens by an alkyl, alkoxy, arylhydroxyl, amino groups or 
halogens in an aniline nucleus, some of which were found to modify the 
solubility. 
Manohar et al. [136] reported the polymerization of A^ -
methlyaniline with a conductivity of-10''* Scm"' and the copolymer with 
aniline has a conductivity o f - 1 0 ' Scm''. Dao et al. [137] have carried 
out extensive investigation of chemical and electrochemical 
polymerization of substituted polyanilines. They reported that the 
chemical synthesis yields a polymer having a higher molecular weight 
and that no polymer films could be prepared on the electrode surface 
with substituent F, CI, NO2 and phenyl at ortho-positions and methoxy 
group, F, CI, NO2 at meta- position. Leclarc [138] has shown that 
poly(2-mcthyl aniline) has properties similar to that of polyaniline. 
Dhawan et al. [139] have reported the formation of two types of 
polymers on elcctropolymerzation of o-ethoxyaniline. The polymer in 
direct contact with the electrode surface is green similar to polyaniline, 
whereas the one in contact with the electrolyte is pink and has more 
quinoid character and also has a good solubility in methanol and 
ethanol. 
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Wei and Focke [140] has reported the synthesis and 
electrochemistry of poly(o-toluidine), poly(m-toluidine) and poly(o-
ethylanilne) and compared their properties with polyaniline. They 
reported that the steric effects are mainly responsible for the decrease in 
conductivity, blue shift of 7r->7r* transition band in UV spectra and for 
lower AEi/2 values of the alkyl ring substituted polyanilines. 
Dhawan et al. [139] studied the electropolymerzation and 
copolymerization of 2-methylaniIine with aniline and have shown that, 
the polymerization of a mole ratio more than 1:0.5 (2-
methylaniline:aniline) leads to a polymer where cyclic voltammograrm 
is devoid of the middle peak. This has been suggested as due to the 
absence of quinone and this copolymer has a switching response time of 
40 ms. 
Kang et al. [142] carried out the polymerization on 2-fluoroaniline 
and 2-chloroaniline by chromic acid at various pH. They reported that 
the substitution by an electronegative group lower the conductivity of 
the polymer. Gupta et al. [143] have reported that thermal stability of 
doped poly (o-methyaniline) strongly depends on counter ions. 
Gcnies et al. [144] have reported a detailed study on the 
polymerization of ortho-//-hexyl aniline and reported that although it has 
a lower conductivity than polyaniline, it displays faster electron transfer. 
In a previous study, Bidan and Genies [145] have reported synthesis, 
electrochemical and spectral characteristics of poly (2-propylaniline). In 
another study of Gcnies et al. [146], electrochemical oxidation of 2,5-
dimethylaniline in NH4F 2.3HF was performed as a function of the 
potential. The synthesis was performed to study the in-situ EPR signals, 
FTIR of the polymer and its redox and conducting properties. The 
stability of the polymer is found to be better than polyaniline. 
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Trivedi [147] has suggested that in copolymers, electron transfer 
is always faster than in homopolymers, due to the difference in charge 
density on substituted and unsubstituted constituents in polymer chain as 
a result of electronic effect of the substituents that may facilitate faster 
electron transfer. 
Mattoso et al. [148] reported the synthesis of 4.17x10^ gram mole"' 
molecular weight poly(2-methoxyaniline) carried out at -50°C in 
presence of 5.8M LiCl and IM HCl. The polymerization reaction was 
terminated using acetone to prevent scission of the polymer chain under 
acidic condition. 
Ohsaka et al. [149] studied the polymerization of yV,A -^diaIkyl 
substituted anilines such as A^,A^-dimethylaniline, jV,A''-diethylaniline, N-
methyl //-ethylaniline and MA^-dibutylaniline. They reported these 
polymers do not have well defined voltametric peaks. They also 
described the ion exchange property of these polymers. 
Yan and Toshima [150] have reported that it is possible to 
polymerise 2,5 and 2,3 dimethylanilines under acidic conditions using 
cerium(IV) sulphate as an oxidizing agent. However, ammonium peroxy 
disulphate as oxidant does not yield any polymeric product. 
Munaff et al. [151] have reported the electrosynthesis of 
conducting polyanisidine in biphasic media. One phase comprises of non 
polar solvent containing the monomer and the other polar medium 
containing some added electrolyte using FeCli as catalyst. Their 
observations suggested a cationic polymerization mechanism. 
Kilmartin et al. [152] have reported photoelectrochemical and 
spectroscopic studies of copolymers of orthanilic acid and aniline. The 
degree of sulfonation and the oxidation state of the elements were 
examined using X-rays photoelectron spectroscopy and further by in situ 
Raman spectroscopy. Photocurrent profile on a millisecond time scale in 
response to a light-flash perturbation is producing exclusively anodic 
photocurrents for the copolymer in the conductive state. Partial phase 
diagram for the sulfonated copolymers were constructed, mapping the 
conductive regions as a function of pH and electrode potential. 
Umare et al. [153] investigated the influence of copolymer 
composition on the transport properties of conducting copolymers, 
poly(aniline-co-o-anisidine). UV-vis spectra show a hypsochromic shift 
with an increase in the o-anisidine content in copolymers, indicating a 
decrease in the extent of conjugation. Transport parameters such as 
localization length and average hopping distance are also calculated. 
Effect of monomeric composition coherence length is discussed. 
Recently, Aysegul Gok and Bekir Sari [154] have reported the chemical 
synthesis of poly(o-toluidine) and poly(2-chloroaniline) and investigated 
the effect of protonation medium. UV-vis spectral analysis results 
indicated that poly(o-toluidine) has the better protonation effect than 
poly-2-chloroaniline. Magnetic susceptibility measurements of the 
polymers showed that poly(o-toluidine):(CH3COOH) and poly(o-
toluldine): (C2H5COOH) salts are of bipolaron structure. 
Roy and Ray [155] had reported the polymerization of m-
nitroaniline and /(-nitroaniline using ammonium peroxy disulphate. The 
polymers showed lower conductivity. In 7?2-nitroaniline, a head to tail 
polymerization, whereas in /7-nitroaniline ortho coupling has been 
suggested. Steric hindrance and the effect due to nitro group determine 
the spectral and other properties of these polymers. 
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CHAPTER 2 
EXPERIMENTAL 
CHAPTER 2 
EXPERIMENTAL 
2.1. MATERIALS 
Aniline: SD Fine Chemicals (Distilled under reduced pressure) 
N, TV-dimethyl aniline: SD Fine Chemicals (Distilled under reduced pressure) 
N, methylaniline: SD Fine Chemicals (Distilled under reduced pressure) 
o-Methyl aniline (o-toluidine ) : SD Fine Chemicals (Distilled under reduced 
pressure) 
/?-Methylaniline (/7-toluidine ) : SD fine chemicals (recrystallized from alcohol 
and then from acetone) 
o-Nitroaniline (98-99 %) : SD fine chemicals (recrystalized from alcohol and 
then from acetone) 
/?-Nitroaniline (98 %) : SD fine chemicals (recrystalized from alcohol and then 
from acetone) 
m-Nitroaniline (98 %) : SD fine chemicals (recrystalized from alcohol and then 
from acetone) 
Ammonium per sulfate (99 %): CDH Chemicals AR grade (used as received) 
Hydrochloric acid: Ranbaxy chemicals, AR grade (used as received) 
Dimethylsulfoxide (DMSO) (99 %): Merck India (used as received) 
Acetone (99 %): Merck India, AR grade (used as received) 
Methanol (99 %): Merck India, (used as received) 
Double distilled water was used to prepare the solutions throughout the studies 
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2.2. Polymer Preparation 
Several aniline based polymer and copolymers were synthesized by 
well-known chemical methods [1-5] using ammonium persulphate as an 
oxidant under acidic conditions. A stock solution of known quantity of 
ammonium per sulfate was prepared in 0.5M HCl. The solution of known 
concentration of Aniline and N, //-dimethylaniline (DMA) was also prepared in 
0.5M HCl solution. Desired quantities of aniline and substituted aniline 
monomers were dissolved in 0.5M HCl. Solution of ammonium per sulfate 
(NH4S2OJJ) or potassium per sulfate in 0.5M HCl was slowly added from a 
burette with continuous stirring with magnetic stirrer till the completion of the 
reaction. 
2.2.1 Copolymer of aniline with o-nitroaniline, P(AcoONA) 1:1 
Aniline and o-nitroaniline (0.01 mol each) dissolved in 100ml of 0.5M 
HCl were reacted with ammonium per sulfate(0.001 mol) in 100ml 0.5M HCl 
to study the kinetics of copolymerization of P(AcoONA). 
2.2.2 Copolymer of aniline with m-nitroaniline, P(AcoMNA) 1:1 
Aniline and m-nitroaniline (0.01 mol each) dissolved in 100ml of 0.5M 
HCl were reacted with ammonium per sulfate(0.001 mol) in 100ml 0.5M HCl 
to study the kinetics of copolymerization of (AcoMNA). 
2.2.3 Copolymer of aniline with p-nitroaniline, P(AcoPNA) 1:1 
Aniline and p-nitroanilne (0.01 mol each) dissolved in 100ml of 0.5M 
HCl were reacted with ammonium per sulfate (0.001 mol) in 100ml 0.5M HCl 
to study the kinetics of copolymerization of P(AcoPNA). 
2.2.4 Copolymer of aniline with o-toluidine, P(AcoOT) 1:1 
Anilne and o-toluidine (0.01 mol each) dissolved in 100ml of 0.5M HCl 
were reacted with ammonium per sulfate(0.001 mol) in 100ml 0.5M HCl to 
study the kinetics of copolymerization of P(AcoOT). 
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2.2.5 Copolymer of aniline with p-toluidine, P(AcoPT) 
Aniline and jO-toluidine (0.01 mol each) dissolved in 100ml of 0.5M HCl were 
reacted with ammonium per sulfate(0.001 mol) in 100ml 0.5M HCl to study the 
kinetics of copolymerization of P(AcoPT) in the molar ratio of 1:2 and 1:3. 
2.2.6 Copolymer of aniline with N, N-dimethylaniline, P(AcoDMA) 
Aniline and DMA (0.01 mol each) dissolved in 100ml of 0.5M HCl 
were reacted with ammonium per sulfate(0.001 mol) in 100ml 0.5M HCl to 
study the kinetics of copolymerization of P(AcoDMA) in the molar ratio of 1:2 
and 1:3. 
Aniline and substituted aniline 
in HCl 
Ammonium per sulphate 
Mixing with magnetic stirrer and sample 
of 5ml was withdrawn for absorbance. 
The kinetic study was performed for the course of 
polymerization using spectrophotometer. 
Figure 2.1, Flow chart showing the steps involved in the preparation and kinetic 
study of polymers and copolymers. 
39 
Spectroscopy in the UVA I^S Region 
For determining the rate of copolymerization of aniline with substituted 
aromatic amines for the chemical oxidative polymerization reaction, a simple 
and convenient method has been utilized. It is carried out in 0.5M HCl solution. 
The course of copolymerization is followed by Genesis-20 and UV-vis 
Spectrophotometer (UV mini 1240 Shimadzu). The base line correction is also 
made suitably for concentration of APS in the system and also maintained a 
fixed ratio of aniline and substituted aniline. The starting time for 
copolymerization was noted after the oxidizing agent APS was added to the 
substrates. At different time intervals of polymerization the absorbance was 
recorded to follow the kinetic studies. A transition of color from yellowish 
orange to dark green in the reaction medium was observed during the course of 
the copolymerization. The kinetic parameters obtained were discussed in 
relation with the absorption spectra and the probable mechanism of chemical 
oxidative polymerization of aniline and substituted aniline. The spectra of 
aniline with substituted anilines show bands in the UV-visible region. In the 
UV-region however, we observe bands at 330 nm and 620 nm for aniline. The 
UV-vis spectra for the base form of different copolymers were taken in O.IM 
aqueous NH4OH solvent and protonated fonn of these polymers in 0.5M 
aqueous H2SO4 solvent with {UV mini 1240 Shimadzu) UV-vis 
spectrophotometer. The FTIR spectra of these copolymers were made with 
Interspec 2020 FT-IR spectrometer. 
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CHAPTERS 
OXIDATIVE POLYMERIZATION OF ANILINE WITH o-,m-, 
AND p-NITROANILIES: KINETIC AND PATHWAY 
CHAPTER-3 
OXIDATIVE POLYMERIZATION OF ANILINE WITH o-, w-, AND 
p-NITROANILIES : KINETIC AND PATHWAY 
3.1 Introduction 
The oxidation of aromatic amines by inorganic peroxo acids like 
peroxydisulfate(PDS), peroxydiphosphate (PDF), and peroxymonophosporic 
acid (PMPA) lias not been studied in detail except for the Boyland-Sim 
Oxidation [1]. 
Roy and Ray [2] had reported the polymerization of m-
nitroaniline and /?-nitroaniIine using ammonium peroxy disulphate. The 
polymers showed lower conductivity. In w-nitroaniline, a head-to-tail 
polymerization, whereas in p-nitroaniline ortho coupling has been 
suggested. Steric hindrance and the effect due to nitro group determine 
the spectra] and other properties of these polymers. 
Copolymer of aniline with o-, m-, and p-nitroanilne were synthesized for 
different molar ratios of respective monomers in acid medium as mentioned in 
chapter 2. Ammonium per sulfate initiated polymerization of m- and p-
nitroaniline could be done with increasing percentage of the aniline in the 
reaction mixture. This chapter gives a comparative study of the chemical 
polymerization and kinetic parameters of the copolymer formed. The 
copolymerization reaction was initiated by ammonium per sulfate and it was 
used as an oxidant. 
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05 
10 
15 
20 
25 
30 
35 
40 
45 
Table 3.2.2 
0.032 
0.034 
0.037 
0.040 
0.043 
0.046 
0.049 
0.053 
0.054 
3.2 Kinetics of copolymerization of aniline with o-nitro aniline in acidic 
medium 
Table 3.2.1 
[APS] =1.0xlO'^M, [ANI] =2.5xlO"''M, [o-nitroaniline] ^LOxlO'^M, Temp =40°C. 
Time (min) Absorbance kxlO"^  (min"') 
1.24 
1.42 
1.41 
1.43 
1.45 
1.42 
1.44 
1.30 
[APS] =1.0xlO'^M, [ANI] =2.5x10"V, [o-nitroaniline] =1.0xl0-^M, Temp=25°C. 
Time (min) Absorbance kxlC (min') 
3.0 
3.7 
3.8 
3.5 
3.9 
3.6 
3.6 
3.9 
3.7 
[APS] =1.0xlO-^M, [o-nitroaniline] =1.0xlO"^M, [ANI] =2.5X10-''M, Temp=20''C. 
Time (min) Absorbance kxlO'^ (min'') 
10 0.077 
20 0.079 2.5 
30 0.080 1.3 
40 0.081 1.6 
50 0.083 1.8 
60 0.085 1.9 
70 0.087 2.0 
80 0.090 2.2 
90 0.092 2.2 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
Table 3.2.3 
0.065 
0.067 
0.070 
0.073 
0.075 
0.079 
0.081 
0.084 
0.089 
0.091 
Table 3.2.4 
[APS] = 1 .Ox 1 0 ' M , [ A N I ] =2.5X 10'^ M, [o-nitroaniline] =2.5x 1 O V j e m p =35° C. 
Time (min) 
05 
10 
15 
20 
25 
30 
35 
40 
45 
Absorbance 
0.021 
0.024 
0.026 
0.027 
0.029 
0.031 
0.033 
0.036 
0.038 
kxl0"^(min" 
2.6 
2.1 
1.6 
1.6 
1.5 
1.5 
1.5 
1.4 
Table 3.2.5 
[APS] =1.0xlO"^M,[o-nitroaniline] =1.0xlO"^M, [ANl] =5.0xl0"''M,Temp =25°C. 
kxlO" (^min"') 
2.4 
2.4 
3.9 
3.4 
3.2 
3.0 
3.1 
3.2 
Table 3.2.6 
[APS] =1.0x1 O'-'M, [o-nitroaniline] =1.0xlO''lV1, [ANI] =2.5x10"'!^, Temp =30°C. 
Time (min) 
05 
15 
25 
35 
45 
55 
65 
75 
85 
Absorbance 
0.040 
0.041 
0.042 
0.045 
0.046 
0.047 
0.048 
0.050 
0.052 
Time (min) Absorbance 
10 0.065 
20 0.067 
30 0.070 
40 0.073 
50 0.075 
60 0.079 
70 0.081 
80 0.084 
90 0.089 
100 0.091 
kxlO "•' (min"') 
3.0 
3.7 
3.8 
3.5 
3.9 
3.6 
3.6 
3.9 
3.7 
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Table 3.2.7 
Effect of [o-nitroaniline] on the Rp for the copolymerization of aniline with o-nitro aniline in 
acidic medium, [APS] =1.0xlO'"^M and [AMI] =1.0xlO"^M. 
Compound Cone. xlO^^M Rate x 10"" (mol/lit-min"') Fig.3.2.7 
o-nitroaniline 1.0 ~ 2.10 
1.5 3.01 
2.0 4.10 
2.5 4.95 
3.0 5.92 
Table 3.2.8 
Effect of [ANI] on the Rp for the copolymerization of p-nitroaniline with aniline in acidic 
medium, [APS] = 1.0x10"^ ' M. [PNA]=1.010"^M 
Compound Cone. xIO'^M Rate x 10"'(mol/iit-min'') Fig.3.2.8 
AMI 1.0 1.21 
1.5 1.41 
2.0 2.22 
2.5 2.86 
3.0 3.01 
Table 3.2.9 
Effect of [APS] on the Rp for the copolymerization of p-nitroaniline with aniline in acidic 
medium, [ANI] = 1.0x10^ ^ M and [PNA] = 1,0x10^'M. 
Compound Cone. xlO'^M Rate x lO"* (mol/lit-min"') 
APS 1.0 2.14 
1.5 2.98 
2.0 3.82 
2.5 4.36 
3.0 5.75 
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3.3. Kinetics of copolymerization of aniline with m-nitro aniline in acidic medium 
Table 3.3.1 
[APS] =1.0X10'' 'M, fANI] =lxlO--^M, fw-nitroaniline] ^-IxlQ-^M, Temp=25°C. 
Time (min) 
05 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
Table 3.3.2 
[APS]=1.0xl0"''M, 
Time (min) 
05 
15 
25 
35 
45 
55 
65 
75 
Absorbance 
0.008 
0.014 
0.022 
0.026 
0.029 
0.031 
0.032 
0.034 
0.035 
0.036 
0.038 
0.039 
[ANI]=lxlO'^M, 
Absorbance 
0.001 
0.002 
0.003 
0.004 
0.008 
0.010 
0.012 
0014 
kxlO''(min"') 
1.1 
1.0 
0.78 
0.64 
0.54 
0.46 
0.41 
0.36 
0.33 
0.31 
0.28 
[w-nitroaniiine] = IxlO'^M, Temp=30''C. 
kxlO"^  (min"') 
6.9 
5.4 
4.6 
5.1 
4.6 
4.1 
3.7 
Table 3.3.3 
[APS] =1.0xlO'-'M,[ANI] =1x10''M,[/M-nitroaniline] =5x10"" M,Temp=30°C. 
Time (min) 
05 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
Absorbance 
0.001 
0.003 
0.005 
0.007 
0.008 
0.011 
0.014 
0.018 
0.020 
0.024 
0.027 
0.032 
kxlO"' (min"') 
2.1 
1.6 
0.0 
0.0 
0.7 
0.7 
0.8 
0.74 
0.70 
0.65 
0.41 
50 
Table 3.3.4 
APS] =1.0x1 Q-^ M, [ANI] =1x10"^ M, [w-nitroaniline] =1x10-^ M, Temp=40°C. 
Time (min) Absorbance kxlO''' (min'') 
05 0.071 
10 0.073 5.5 
15 0.074 4.1 
20 0.076 4.5 
25 0.077 4.0 
30 0.078 3.7 
35 0.080 3.9 
40 0.085 5.1 
45 0.092 6.4 
50 0.099 7.0 
55 0.098 6.3 
Table 3.3.5 
[APS] =1.0 xlO'^M, [m-nitroaniline] =1.0xlO'^M [ANl] =5x10"* M, Temp =30° C. 
Time (min) Absorbance kxlO"^  (min"') 
05 0.004 
10 0.005 4.4 
15 0.006 4.0 
20 0.007 3.7 
25 0.008 3.4 
30 0.010 3.6 
35 0.011 3.3 
40 0.012 3.1 
Table 3.3.6 
[APS] = 1 .Ox 10" M JANl] = 1 x 10"^  M, [w-nitroaniline] = 1 .Ox 10"' M, Temp=30° C. 
kxlO"^(min"') 
5.5 
6.8 
7.1 
6.5 
7.2 
7.1 
7.0 
Time (min) 
05 
10 
15 
20 
25 
30 
35 
40 
Absorbance 
0.071 
0.073 
0.076 
0.079 
0.081 
0.085 
0.088 
0.091 
Table 3.3.7 
Effect of [w-nitroaniline] on the Rp for the copolymerization of aniline with w-nitroaniline ir 
acidic medium, [APS]=1.0xlO"^M and [ANI]=I.OxlO"^M. 
Compound 
w-nitroaniline 
(Cone.) X10"^  
1.0 
1.5 
2.0 
2.5 
3.0 
^M. Rate xlO-^Cmol/lit-min-') 
1.10 
1.45 
2.01 
2.45 
2.95 
Table 3.3.8 
Effect of [ANI] on the Rp for the copolymerization of aniline m-nitroaniline in acidic medium, 
[APS]=I.0xl0"^ M and [MNA] =1.0x10"^ M. 
Compound Cone, x 10"^ M Rate x 10"^  (mol/lit-min'') 
ANI 1 .0 2.40 
1.5 4.10 
2,0 5.21 
2.5 6.10 
3.0 7.89 
Table 3.3.9 
Effect of [APS] on the Rp for the copolymerization of aniline /w-nitroaniline in acidic medium, 
[ANl]=1.0xl0"^ M and [MNA] =1.0x10"^ M. 
Compound Cone. xlO'^ M Rate x 10"''(mol/lit-min"') 
APS 1 .0 1.20 
1.5 1.80 
2.0 2.30 
2.5 3.00 
3.0 3.80 
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3.4 Kinetics of copolymerization of aniline with p-nitro aniline in acidic medium 
Table.3.4.1 
[APS] =l.25xlO--M, [ANI] =1XI0-' 'M, Lp-nitroaniline] = 2X10--M, Temp=36°C. 
Time (min) 
10 
20 
30 
40 
50 
60 
70 
80 
90 
Absorbance 
0.002 
0.003 
0,005 
0.006 
0.009 
0.0 i l 
0.013 
0.014 
0.016 
kxl0"^(min'') 
4.1 
4.5 
4.3 
4.2 
4.2 
3.7 
3.2 
3.9 
Table.3.4.2 
[APS]=1.25xlO"^M, [ANI] =IX]0"' 'M, [p-nitroaniiine] =1X10"'M, Temp=25°C. 
Time (min) Absorbance kxlO"^(min"') 
10 0.002 
20 0.003 4.0 
30 0.004 3.4 
40 0.005 3.0 
50 0.006 2.7 
60 0.007 2.5 
70 0.008 2.3 
80 0.008 2.3 
Table.3.4.3 
[APS] =1.25xlO"^M, [ANI] =lxlO"^M, [y^-nitroaniline] =IxlO'^M, Temp=20°C. 
Time (min) 
10 
20 
30 
40 
50 
60 
70 
80 
90 
Absorbance 
0.015 
0.017 
0.021 
0.024 
0.028 
0.032 
0.035 
0.039 
0.043 
kxl0"'(min"') 
1.25 
1.30 
1.25 
1.30 
0.90 
1.00 
1.00 
1.00 
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Table.3.4.4 
[APS]= 1.25x I 0"'M, [ANI]= 1X1 0 ' 'M, Cf7-nitroaniIine]=4x 10-V,Temp=36° C. 
Time (min) Absorbance k;xlO"^(min'') 
10 0.017 
20 0.027 4.6 
30 0.048 - 5.1 
40 0.060 4.2 
50 0.076 3.7 
60 0.082 3.1 
70 0.086 2.1 
80 0.090 2.1 
90 0.093 2.1 
Table.3.4.5 
[APS]=1.0X10"'M, [ANI]=5X10"'M, (/?-nitroaniline]=4xlO"'M, Temp=33°C. 
Time (min) Absorbance kxlO"^ (min'') 
05 
10 0.095 6.5 
15 0.122 5.7 
20 0.135 4.4 
25 0.142 3.6 
30 0.148 3.0 
35 0.152 2.6 
40 0.156 2.3 
45 0.161 2.1 
Table.3.4.6 
[APS]=1.0X10"'M, [ANl] =5xl0"''M, [p-nitroaniline] = 4xl0"''M, Temp=33''C. 
0.069 
12  
135 
142 
148 
152 
156 
161 
Time (min) 
05 
10 
15 
20 
25 
30 
35 
40 
45 
50 
Absorbance 
0.044 
0.047 
0.052 
0.055 
0.057 
0.060 
0.062 
0.065 
0.070 
0.076 
kxlO'(min") 
59 
Table 3.4.7 
[APS]=!.0 XIO-'M, [ANI] =5X10"''M, [p-nitroaniline]= 4X10"''M, Temp=33°C. 
kxlO"^(min"') 
1.4 
1.3 
1.3 
1.1 
1.2 
1.3 
1.2 
1.2 
Time (min) 
05 
10 
15 
20 
25 
30 
35 
40 
45 
Absorbance 
0.027 
0.029 
0.031 
0.032 
0.034 
0.037 
0.040 
0.042 
0.044 
Table 3.4.8 
[APS] =5.0xlO-^M, [ANI] =5x10'V, [/7-nitroaniline]=4xlO-V, Temp=33°C. 
Time (min) Absorbance i<xlO'^  (min'') 
05 0.037 
10 0.041 2.0 
15 0.042 1.2 
20 0.045 1.3 
25 0.048 1.3 
30 0.05! 1.3 
35 0.053 1.2 
40 0.055 1.2 
45 0.057 1.2 
60 
Table 3.4.9 
Effect of [p-nitroaniline] on the Rp for the copolymerization of aniline withp-nitroaniiine in 
acidic medium. [APS] =],OxIO~^M and [ANl] =1.0x10"'- M. 
Compound Cone, x lO'^M. Rate xlO"* (mol/lit-min"') 
p-nitroaniline 1.0 1.50 
1.5 2.15 
2.0 2.94 
2.5 3.55 
3.0 4.37 
Table 3.4.10 
Effect of [ANl] on the Rp for the polymerization of aniline with p-nitroaniline in acidic 
medium, [APS]=1.0x 10"' M and [PNA] =1.0x10"- M. 
Compound Conc.xlO'^M Rate x 10"* mol/lit-min"' 
ANl 1.0 2.40 
1.5 3. 12 
2.0 4.80 
2.5 5.45 
3.0 6.23 
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3.5. Results and Discussion 
3,5.1 Chemical Oxidative polymerization 
The copolymerization was indicated by the appearance of green color in 
the reaction mixture after the addition of oxidant. Polymerization of aniline into 
polyaniline was found to take place very quickly as observed by color change 
of the reaction mixture from pale to bluish green and finally to dark green in 
few minutes after the addition of the oxidant. The copolymerization of aniline 
with nitroanilnes was observed to be comparatively a slow process. In case of 
copolymerization of aniline with o-nitroaniline, the color change from yellow to 
yellowish green and finally to dark green was observed within 15-25 minutes of 
addition of ammonium per sulfate. Time taken for the initial color change in the 
reaction mixtures containing m- and /7-nitroaniline were almost the same for the 
mixtures containing the similar ratio of the monomers. It is the electron 
withdrawing -NO2 group that retards the polymerization of aniline. We have 
observed that the ease of polymerizafion is significantly different for mixture of 
aniline containing 0-, m- and /?-nitroaniline. It is due to the difference in the 
basicity of three nitroanilnes[3]. The pKb values are in the order 
o-nitroanilne »/?-nitroaniline > m-nitroaniline > aniline 
The relative pKb values can be taken as a measure of the electron 
withdrawing capacity by nitro-group in the respective positions. The positively 
polarized nitro group induces a drift of electrons in the sense of withdrawal 
from the ring and from the amino groups and affinity of nitrogen for proton is 
decreased. Protonation is an important step in the polymerization of aniline [4, 
5]. In aqueous medium, aniline is predominantly exists as anilinium cation and 
aniline cation radical is produced first during the polymerizafion process, which 
may recombine to benzendine [6, 7] or participate in the growth of polyaniline 
chain in the pemigraniline form. The protonated repeat unit of this form is 
responsible for the initial color change [8, 9]. After all oxidizing agent has been 
completely consumed the pemigraniline may take over the role of an oxidant 
and become reduced by aniline [10] to yield the final product in the emeraldine 
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form. The presence of nitro- groups may retard the whole of the process in the 
reacting system. Steric hindrance of nitro- groups may also affect the rate of 
reaction significantly. 
The polymerization reaction involving o-nitroaniline was carried in the 
range 25" to 40° C. The o-nitroaniline was found to be completely soluble in the 
reaction medium at this temperature range. The o-nitroaniline unit has been 
successfully incorporated in the polymer backbone by the copolymerization of 
mixture of o-nitroaniline and aniline in various molar ratios. Consequently, the 
kinetic study was performed and specific rate constant values were calculated 
from the integrated first-order kinetic equation. The o-nitroaniline may suffer a 
greater electronic deactivation effect due to the -NO2 group and inhibits the 
initiation to greater extent. In these copolymerizations, the polymerization may 
get easily terminated after forming some low molecular weight oligomers 
resulting in poor yield of the copolymers in comparision to polyaniline. There is 
decrease in rate of reaction with increase in molar ratios of nitroaniline in the 
reaction mixture, thus, % yield decreases gradually. In the reaction involving/?-
nitroaniline, the polymerization should take place by the coupling at ortho 
position to - NH2 groups. The stable free radical then is produced at the ortho-
position [2]. In the system containing 0- and w-nitroanilines, the coupling 
should be more favorable at para position to NH2 groups, favoring the head-to-
tail sequence. The o-niroaniline suffers a greater electronic deactivation effect 
than the remaining two as is evident from its higher basicity. The expected 
structure of the copolymer is depicted in Fig 3.5.1. Aniline and nitroaniline 
units are essentially being in alternating order; rather a random copolymer is 
most likely expected. 
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/~V-NH-fV-
^N02 
NH 
Poly (aniline-co-o-nitroaniline) 1:1 
Poly (aniline-co-m-nitroaniline) 1:1 
Poly (aniline-co-p-nitroaniline) 1:1 
Figure.3.5.1 Structures of the different copolymers of aniline with nitroaniline 
Copolymerization of aniline with o-, m-, /?-nitroanilines by APS 
To obtain the different kinetie parameters for polymerization of 
these aromatic compounds and to get a rate expression (Rp) for 
polymerization of aniline with substituted aniline, a systematic approach 
was considered to establish the dependence of Rp on [APS], [ANl] and 
[nitoaaniline]. A change in concentration of aniline in the range of 
(1X10 ' 'M to IxlO'^ ^M) was done to study the course of polymerization 
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while keeping the [APS] (l.OxUr^ to 1.0x10"') M. The plots were obtained 
for absorbance versus time for the course of polymerization of aniline with 
niroaniline. They were almost similar and showed the time dependence 
growth of absorbance at 330 nm and 620 nm. For aniline and nitroaniline, 
the Rp values were obtained; the plot of log [ANI] versus log Rp gives 
straight line with slope value equal to one. This confirms the first order 
dependence of Rp on [ANI]. To confirm this, the plot of Rp vs. [ANI] is 
given in Figure.3.2.8. The plot in the figure shows a straight line passing 
through the origin confirming the first order dependence of Rp on [ANI]. 
Similarly, by varying the [APS] for fixed value of [ANI], Rp was found to 
have first power dependence on [APS]. The plot of Rp versus [APS] was 
found to be straight line. This dependence of APS and substrate on Rp was 
used to deduce rate expression for copolymerization of aniline with 
nitroanilines in the present study. 
The spectrophotometric kinetic studies were performed on the basis of 
the absorbance (optical density) noted at Xmax (wavelength) as a function of 
time. These reading were conveniently made with a Genesis 20 
Spectrophotometer for relatively slow reactions. The sample was withdrawn 
from the thermostated reaction mixture for measurement. The progress of the 
polymerization was also followed by UV-VIS spectroscopy. The plots of 
absorption versus time were obtained and are represented in fig 3.2.1-3.2.7, 
3.3.1-3.3.6, 3.4.1-3.4.8 for o, m and p respectively, recorded at various time 
intervals for the APS initiated chemical copolymerization of aromatic amines. 
Since the reactions are carried out under pseudo-first order condition for 
different concentration of APS and aromatic amines. The values are obtained 
for rate of reaction and these are plotted against [APS] and [Amines]. It gives 
almost a straight line passing through origin, having positive slope equal to one. 
It indicates first order dependence on both [APS] and [Amines]. The constant 
values are obtained for specific rate constant k. These values are calculated 
from the first order integrated rate equation that confirmed the first order 
dependence on both [APS] and [Amines]. It can be seen from the tables (3.2.1-
3.2,3.3.1-3.3.6 and 3.4.1-3.4.7) foro, m, and p nitroanilines respectively. 
k = (2.303/t) X log (Do/D) or more properly from 
k = (2.303/t) X log (Doo-Do/D -^D). 
Since Doo is essentially constant, also, D^ e/c, where 8 is the molar extinction 
coefficient, / is the thickness of the absorbing medium and c is the molar 
concentration. 
Order in Persulfate 
The kinetics was examined under pseudo-first order condition, at 
an amine: per sulfate ratio of 10:1 the disappearance of per sulfate 
concentration followed first order kinetics for about 80% of the reacfion 
as the plots of per sulfate concentration versus time are drawn. This 
shows a negative deviation. 
Order in Amine. 
The k values observed for different aromatics amines are shown in tables 
(3.2.4-3.2.6, 3.3.1-3.3.6 and 3.4.2-3.4.3) for o-, m- and /?-nitroanilines 
respectively. The reaction is first order in amine. We may thus write the rate 
law, 
Rp=k[S208"^][ArNH2] major part of the reaction. The plots of Rp versus [amine] 
are shown in figure 3.2.9. There exist a similarity of k values obtained by first 
order integrated kinetics equation, both for [Amines] and [APS] and supports 
the observed rate expression. This was also confirmed by evaluating the value 
of k from the slopes of the plots Rp versus [ANI] and Rp versus [Amines]. 
Effect ofSubstituents 
The results indicate that both electron releasing and electron 
withdrawing groups affect the reaction rate. It is clear that the reacfion is 
retarded by electron-releasing subsistent. Since protonafion of NH2 groups 
occurs in the presence of acid, the availability of free NH2 site for the oxidafion 
of reaction is less, hence there is a decrease in the rate for the electron-
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withdrawing groups, due to resonance hybrid; the electron density of the 
unshared electron pair on nitrogen of the NH2 is lowered making it non-
available for APS to react. For nitro substituted aniline there is a small decrease 
in the rate due to cross-conjugation involving NO2 and the reaction centre. 
Effect of temperature on the reaction rate 
The effect of change in temperature was examined in the temperature 
range 25"-40°C. As the temperature increases, the rate of the reaction should 
increase according to Arrhenius equation. Figures 3.5.2.a, 3.5.2.b and 3.5.3.C 
for polymerization of aniline and coplymerization of aniline with o- and p-
nitroaniline show the Arrhenius plot of logarithmic rate of polymer formation 
versus 1/T. The values of activation energy (Ea) for aniline, o-nitroaniline and 
;?-nitroaniline are determined to be 13.20, 44.05 and 36.08 KJ/mol respectively, 
which corresponds to an increase in the rate of reaction by 2-3 % per 10-degree 
increase in the temperature. The plot log k versus 1/T is nearly linear with 
negative slope of-2.35 and -1.92 for o- and ;?-nitroaniline respectively. This 
further confinns the first-order dependence in each per sulfate and amines in 
the course of chemical oxidative copolymerization reaction. This also helped to 
deduce the kinetic rate expression for the chemical reactions of the aromatic 
amines in the present study. 
Table Values of rate constants for polymerization of aniline with o and/7-niroaniline 
Solvent Q.5M H2SO4: pH 3-4 
kxlO'^O.mor'min'') 
Amine 25" 30° 35° 40° Ea KJ/mol Figures 
Aniline 2.23 2.4 2.67 2.89 13.20 3.5.2.a 
o-nitroaniline 1.52 1.9 2.5 3.31 44.05 3.5.2.b 
p-nitroaniline 1.91 2.52 3.17 3.86 36.08 3.5.2.C 
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The plot of log k versus 1/T, the effect of temperature on the reaction rate 
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3.5.3 FTIR Spectral Studies 
FTIR spectra of poly(aniline-co-o-nitroaniline )1:3 and poly(aniline-co-
o-nitroaniline)l:l are shown in the figure 3.1 and that of poly(aniline-co-w-
nitroaniline)l:l and (aniline-co-jC-nitroaniline)l:] are shown in figure 3.2.The 
FTIR absorption data are given in the table 3.5.3. Both the poly(aniline-co-o-
nitroaniline)l:3 and poly(aniline-co-o-nitroaniline)l:l copolymers show the 
characteristic bands corresponding to the C=C stretching vibrafion of quinoid 
and bezenoid rings respectively at 1576 cm"' [poly(aniline-co-c»-
nitroanilne)l:3], -1579 cm'' [poly(aniline-co-o-nitroanilne)l:l] and at 1504 
cm" [poiy(aniline-co-o-nitroanilne)l:3], 1499 cm"' [poly(aniline-co-o-
nitroanilne)l:l] [2, 8, 9]. It is reported that the relative intensity of the quinoid 
band (-1570 cm'') to the benzenoid band (-1500 cm"') is a measure of the 
degree of oxidation of the polymer chain [10, 11]. The intensity of quinoid band 
in poly (aniline-co-o-nitroaniline)l:3 is slightly lesser than that in poly(aniline-
co-o-nitroaniline)l:l showing oxidized quinoid units are lesser in the 
poly(aniiine-co-o-nitroaniline)l:3 than in poly(aniline-co-o-nitroaniline)l:l. 
There is also a possibility of overlap of bands due to asymmetric N=0 stretch in 
these region. The peak observed at 1342.6 cm"' in poly(aniline-co-o-
nitroaniline) 1:3 and at 1340 cm'' in poly(aniline-co-o-nitroaniline)l:l is 
ascribed to symmetric N=0 stretching vibration due to NOj groups. The band at 
1320 cm'' and 1279 cm"' in poly(aniline-co-o-nitroaniline)l:3 is ascribed due to 
C-N stretching vibrations. C-H bending vibrations also occur in this region. For 
poly (aniline-co-o-nitroaniline) 1:1, these bands appear at 1304 cm"' and 1281 
cm"' respectively. The presence of 1, 2, 3 tri substitufion due to C-H in-plane 
and C-H out of plane deformations are indicated by the band in region 740-
1100 cm"'. The bands due to C-H out of plane bending modes (1000-1 lOOcm"') 
are very less pronounced in the spectra of poly(aniline-co-o-nitroanilne)l:l. 
The sharp band observed at 1150cm"' for poly(aniline-co-6>-nitroaniIne)l:3 at 
1145.9 cm"' for poly(aniline-co-o-nitroanilne) 1:1 is due to the charged defects 
[12,13]. 
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Figure 3.1 FTIR spectra of base form of copolymers ( (i^f^/J 
(A) poly(aniline-co-o-nitroaniline) 1:3 
(B) po!y(aniline-co-o-nitroaniline) 1;1 
? 60 -
A O -
iOOO.O 3000.0 2000 .0 1500 .0 
W a v e n u m b e r 
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Figure 3.2 FTIR Spectra of Sef- I 31J 
(A) poly(aniline-co-/M-nitroaniline) 1:1 
(B) poly(aniline-co-/7-nitroaniline) 1:1 
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The broad band observed in the region -3330-3400 em"' is assigned to 
N-M strctehing vibrations in the (aniline-co-o-nitroaniline) 1:3 is not pronounced 
in (aniline-co-o-nitroanihne)l .i. 
From Figure-3.2, it is clear that both the copolymers, (aniline-co-
w-nitroaniline)l:l and (aniline-co-/7-nitroaniline)l :1 show similar 
vibrations described above for polymers derived from the o-nitrianiline 
and aniline. The quinoid and benzenoid stretching vibration are present 
at 1580 cm"' [poly(aniline-co-w-nitroaniline)l:l], 1583.7 cm"' [poly 
(aniline-co-/7-nitroaniline)l:l] and at 1529cm'' [poly(aniline-co-m-
nitroaniline)l:l], 1508.3 cm"' [poly(aniline-co-/>-nitroaniline)l:l] 
respectively. As the intensities of these two bands are almost the same in both 
the copolymers, the level of oxidation is seem to be the same in both. The 
strong bands observed at 1350 cm'' in poly(aniline-co-m-nitroaniline) 1:1 and 
1338.1 cm'' in poly(aniline-co-/?-nitroaniline) 1:1 are assigned to N-0 
stretching vibrations. The bands in the region -736 cm'' ~1130 cm'' is due to 
1,2,3 tri substitution in the benzene ring. The band -1400 cm'' is assigned to C-
H bending vibration [9]. The symmetric N=0 stretching vibration of 
poly(aniline-co-/?-nitroaniline)l:l has slightly shifted to lower frequency 
compared to the corresponding bands in other copolymers. It may be a 
structural indication that a head-to-tail coupling might have taken place in the 
copolymers other than poly(aniline-co-/7-nitroaniline) 1:1 [2]. 
, I ' 'faj I • 
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Table 3.5.3 FTIR 
P(AcoONA)l:3 
2950 
1576 
1505 
1470 
1347 
1320 
1279 
1150 
1050 
1045 
1000 
840 
741 
peak positions (cm" 
P(AcoONA)l:l 
3100-2950 
1579 
1585 
1499 
1449 
1370 
1340 
1304 
1281 
1146 
860 
826 
781.3 
741 
669.4 
513 
) of copolymers 
P(AcoMNA)l:l 
3300 
3225 
2910 
2850 
1579 
1529 
1504.7 
1400.5 
1350 
1130-1145 
829.5 
737 
609.4 
619.2 
509.2 
P(AcoPNA)l:ll 
3300 
3250 
2915 
2860 
1583.7 
1508.5 
1418 
1339 
1325 
1302 
1146 
nil 
1062 
837.2 
750.4 
691 
670 
3.5.4 UV-vis Spectral Studies 
UV-vis absorption spectra of the base form of polyanilines generally 
shows two main absorption at around 330 nm and 620 nm which are attributed 
to -rt^ TT* transitions and benzenoid to quinoid excitation transition respectively 
[14, 16]. In the polyaniline sample prepared the band are observed at 330 nm 
620 nm. When there are substitution at phenyl rings, the planarity of the system 
is significantly changed and distribution of the n electrons is also influenced, 
and thus a shift is observed for TT^TI* transition band. This band is also a 
measure of the extent of conjugation between the adjacent phenyl rings. In all 
the copolymers studied, it has been observed that these two bands in the UV-vis 
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spectrum of the samples, the position varies from polymer to polymer, as it 
depends on the width of the energy gap between the n and TT* bands which are 
found to be different for different polymers. The UV-vis absorption spectra of 
the copolymer samples in their base form as well as in the protonated form 
taken in DMSO as a solvent are shown in the figures 3.3 to 3.7. It is clear from 
figure 3.4, that in copolymers derived from aniline and o-nitroaniline, there is a 
hypsochromic shift(blue shift), both in the n-^n* transitions bands and exciton 
band in comparison to polyaniline figure 3.3. The 7i:->7i* transifion occurs at 
297 nm in poly(ani]ine-co-o-nitroaniline) 1:3 and at 288 nm with a shoulder at 
310 nm in poly(aniline-co-o-nitroaniline). The blue shift is due to the decrease 
in the extent of conjugation due to the presence of-N02 group, resulting in an 
increase in the band gap [10, 15]. The exciton band is observed at 357 nm for 
po]y(aniline-co-o-nitroaniline ) 1:3 and at 598 nm for poly(aniline-co-o-
nitroaniline ) 1:1. This band has been attributed to an absorption from the 
highest occupied molecular orbital (HOMO) band centered on the benzenoid 
unit to the lowest unoccupied molecular orbital (LUMO) band centered on the 
quinoid unit, often referred to as benzenoid to quinoid transition which is a 
measure of extended conjugation. When the absorption is intra-chain, the 
excitation leads to the formation of molecular excitons with positive charge on 
the adjacent benzenoid unit bound to the negative charge centered on the 
quinoid, while interchain charge transfer from HOMO to LUMO may led to the 
formation of positive and negative polarons[16-18]. This band also shows a 
blue shift in both the copolymers. The blue shift is explained in the adjacent 
phenyl rings caused by the presence of the substituent -NO2 groups [10, 15, 19-
21]. 
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Figure-3.3 UV-VIS spectra of base form of polyaniline in DMSO Re.f [ 31] 
280 UO 600 
Wavelength,A (nm) 
760 
Figure-3.4 UV-VIS spectra of base form of copolymers l?e^ I 3 0 
(A) poly(aniline-co-o-nitroaniline) 1:1 
(B) poly(aniline-co-w-nitroaniline) 1:3 
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The intensity of the band corresponding to exciton transition is a 
measure of the degree of oxidation, i.e. relative number of quinoid moieties 
present in the polymer [22]. As can be seen from the figure-3.4, the intensity of 
this band in poly(aniline-co-o-nitroaniline)l:3 and poly(aniline-co-o-
nitroani]ine)l:l are lesser than that in polyaniline and in poly(aniline-co-o-
nitroaniline)]:3, it is highly diminished suggesting that the oxidized quinoid 
units in this polymer is considerably lesser in comparison with the other two. 
The electronic spectra of the protonated form of these polymers in DMSO show 
an additional band around 400 nm which is due to the presence of polaron 
whose energy level lie in the energy gap. There are possibilities of electronic 
transition between HOMO to the lower polaron band or interpolaron bands or 
polaron to LUMO. These polaron bands may not be symmetrical in the band 
gap [23]. The band observed at 403 nm in poly(aniline-co-o-nitroaniline)l:l 
are due to polaron—>7i* transitions, based on the earlier reports [19,22]. 
However, the band due to n—* polaron transition is not seen here in the spectra 
taken in DMSO. 
The UV-vis spectra of the copolymer obtained from m- and 
/?-nitroanilines seems to be a bit complex. The poly(aniline-co-w-nitroaniline) 
1:1 shows the absorption maxima at 354 nm 579 nm and for poly(aniline-co-w-
nitroaniline)l:2 , maxima are observed at 301 nm 364 nm. The corresponding 
bands in the poly(aniline-co-m-nitroaniline)2:l are observed at 320 nm and 622 
nm. These bands corresponds to 7i->7r* transition and benzenoid to quinoid 
exciton transition respectively. The exciton transition shows a hypsochromic 
shift which increases as the number of nitroaniline units increases in the the 
polymer chain. The n-^n* transition bands in poly(aniline-co-m-nitroaniline) 
1:2 and poly(aniline-co-m-nitroaniline)2:l also found to show a hypsochromic 
shift, though it is very feeble in the latter. This is explained in terms of the 
increase in the torsional angle between C-N-C plane and the plane of phenyl 
rings due to the steric strain caused by -NO2 groups in the ortho position to the 
-NH2 (The sine of the torsional angle determine the overlap integral between 
benzene ring and the nitrogen orbital). Though this factor may be applicable in 
poly(aniline-co-m-nitroaniline) 1:1 where a bathochromic shift for the K-band 
is observed. 
Actually, the electronic structure of the copolymer is affected by the 
change in the oxidation and protonation level in the polymer matrix. In 
polyanilines, the added main chain flexibility surrounding the amine-imine 
nitrogen linkages are responsible for myriad structural effect which influence 
the electronic and charge transfer properties of the polymer [24]. Significant 
effects of the ring torsional angle changes accompanied by the conformational 
changes on the electronic properties of the polyaniline family of polymers have 
been reported [25, 26]. Deviation from planarity by the phenyl ring is 
sequencialy altered between +30 and -30" as one moves along the polymer 
backbone [27]. It is also reported from single crystal [12] and molecular 
modeling calculations [28], a more complex ring torsion structure for 
emeraldine base form in which the quinoidal ring are more planer than 
benzenoidal rings. When substituents are present in the phenyl rings even more 
complex situation is expected. 
The intensity of excciton transition band of the poly(aniline-co-w-
nitroaniline)l:l andpoly(aniline-co-OT-nitroaniline)l:2 figure-3.6 are lesser than 
polyanilne, and for the latter, the decrease is maximum. This suggests that the 
number of oxidized quinoid rings decrease as the number of nitroaniline units 
increases in the polymer backbone. 
82 
600 
Wavelength (nm ; 
740 900 
Figure-3.5 UV-VIS spectra of protonated form of copolymers in DMSO D^i f ^ | ] | 
(A) poly(aniline-co-o-nitroaniline) 1:1 
(B) poly(aniline-co-o-nitroaniline) 1:2 
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Figure-3.6 UV-VIS spectra of base form of copolymers 
(A) poly(aniline-co-OT-nitroaniiine) 2:1 
(B) poly(ani!ine-co-/M-nitroaniline) 1:1 
(C) poly(ani!ine-co-/M-nitroaniline) 1:2 
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Figure-3.7 UV-VIS spectra of base form of copolymers I5.ef-['2>'] 
(A) poly(aniline-co-/7-nitroanlline) 2:1 
(B) poly(aniline-co-/7-nitroaniline) 1:1 
(C) poly(aniline-co-;7-nitroaniline) 1:2 
From figure 3.7, it can be seen that poly(aniline-co-/7-nitroaniline) 1:1 
shows the absorption maxima at 398 nm and 597 nm and for poly(aniline-co-jC»-
nitroaniline)2:], the band are observed at 324 nm and 623 nm. The 
hypsochromic shift observed for the exciton transition in poly(aniline-co-/?-
nitroaniline)l:l is accounted for the same reasoning applied above for 
poly(aniline-co-m-nitroaniline) 1:1 and poly(aniline-co-o-nitroaniline) 1:1 .But 
here the n-^n* transition band is highly red shifted. Interestingly, there is only 
one absorption band at 407 nm for poly(aniline-co-p-nitroaniline)l:2. 
Therefore, it cannot be taken as conclusive. As the number of nitroaniline units 
are greater here, it is expected to show a lower energy can not be taken as on 
7i->7i* transitions relative to polyaniline and other copolymers probably due to 
the pronounced complementary substitution effect with -NO2 and -NH2 groups 
para to each other [29, 30], which is consistent with earlier reports[2]. The 
protonated form of poly(aniline-co-w-nitroaniline)l:l and poly(aniline-co-/?-
nitroaniline)l:l were completely soluble in DMSO, giving a grayish green 
color and bright green color respectively. 
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CHAPTER'4 
SPECRTOANALYTICAL STUDY OF OXIDATIVE 
POLYMERIZATION OF ANILINE WITH o-, m- AND 
P'TOLUIDINE BY AMMONIUM PER SULFATE 
CHAPTER-4 
SPECRTOANALYTICAL STUDY OF OXIDATIVE 
POLYMERIZATION OF ANILINE WITH o-, m- AND/?-TOLUIDINE) 
BY AMMONIUM PER SULFATE 
4.1 Introduction 
Copolymer of aniline with o-methylaniline and w-methylaniline and p-
methylaniline etc. have been studied extensively [1-6]. As an attempt to get 
more soluble polyanilines, we synthesized copolymer of aniline with o-
toluidine, w-toluidine and /7-toluidine. Wei and Focke [4] has reported the 
synthesis and electrochemistry of poly(o-toluidine), poly(w-toluidine) 
and poly(o-ethylanilne) and compared their properties with polyaniline. 
They reported that the steric effects are mainly responsible for the 
decrease in conductivity, blue shift of TI^TT* transition band in UV 
spectra and for lower AE1/2 values of the alkyl ring substituted 
polyanilines. Dhawan et al. [1] studied the electropolymerzation and 
copolymerization of 2-methyIaniline with aniline and have shown that, 
the polymerization of a mole ratio more than 1:0.5(2-
methylanilineraniline) leads to a polymer where cyclic voltammograrm 
is devoid of the middle peak. This has been suggested as due to the 
absence of quinone and this copolymer has a switching response time of 
40 ms. 
This part of the study deals with the comparative studies on the effect of 
incorporation of o-toluidine, w-toluidine andjp-toluidine units in the polyaniline 
backbone and the kinetics parameter of the resulting copolymers. Copolymer of 
aniline with/7-toluidine were synthesized for 1:1, 1:2 and 1:3 molar ratio of the 
respective monomers using ammonium per sulfate as an oxidant. Copolymer of 
aniline with o-,m-and/7-toluidine in 1:1 molar ratio was also synthesized for the 
kinetic studies. 
4.2 Kinetics of copolymerization of aniline with o-toluidine in acidic medium 
Table 4.2.1 
[APSJ = 1 . 2 5 X I 0 ' M , [ANl] =1x1 Q-M, [o-Toluidine] = 5x1 O ' M , Temp=25°C. 
Time (min) 
15 
30 
45 
60 
75 
90 
105 
120 
Absorbance 
0.032 
0.034 
0.036 
0.038 
0.040 
0.042 
0.044 
0.048 
kxlO"\min"') 
4.1 
3.9 
3.8 
3.7 
3.8 
3.8 
3.7 
Table 4.2.2 
[APS]=1.25x]0-^M, [ANI] =lxlO"^M, [o-Toluidine] = 2.0x1 C^M, Temp=35"C. 
lime (min) Absorbance kxIO"\min"') 
05 0.029 
10 0.031 1.3 
15 0.034 1.5 
20 0.039 1.9 
25 0.043 1.9 
30 0.047 1.9 
35 0.049 1.7 
40 0.052 1.7 
45 0.054 1.6 
Table 4.2.3 
[APS] =1.25xlO"-M, [ANI] =lxl0"^M, [o-Toluidine] =2.5xl0"^M, Temp=30"C. 
Time (min) 
05 
10 
15 
20 
25 
30 
35 
40 
45 
50 
Absorbance 
0.038 
0.040 
0.043 
0.047 
0.052 
0.057 
0.061 
0.065 
0.069 
0.073 
kxl0''(min'') 
1.0 
1.2 
1.4 
1.3 
1.4 
1.5 
1.4 
1.4 
1.4 
•Af-^  
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Table 4.2.4 
fAPS] = I . 2 5 X 1 0 ' M , fANI] =lxlO-M, [o-Toluidine] =1.0xlO"-M, Temp=40"C. 
Time(min) Absorbance kxlO''(min"') 
05 0.004 
10 0.007 ].l 
15 0.01 i 1.2 
20 0.015 0.8 
25 0.U20 0.8 
30 0.024 0.7 
J5 0.027 0.6 
40 0.030 0.6 
45 0.033 0.5 
50 0.035 0.48 
55 0.038 0.41 
60 0.040 0.40 
Table 4.2.5 
[APS] =1.25xl0'M, [ANl] =lxl0"-M, [o-Toluidine] =5.0xlO"^M, Temp=30''C. 
Time (min) Absorbance kxlO'(min') 
05 0.035 
10 0.040 2.60 
15 0.043 2.00 
20 0.045 1.67 
25 0.047 1.40 
30 0.048 1.20 
35 0.049 1.12 
40 0.050 1.01 
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Table 4.2.6 
Effect of [ANI] on the Rp for the copolymerization of aniline with o-toluidine in 
acidic medium, [APS] =1.0x10 ^M and [o-toluidine] =1.0x10"^ M. 
Compound Conc.xlO'^M. Rate xlO"^  (mol/lit-min'') 
ANI I.O 1.40 
1.5 1.65 
2.0 1.91 
2.5 2.10 
3.0 2.40 
Table 4.2.7 
Effect of [APS] on the Rp for the copolymerization of aniline with o-toluidine in 
acidic medium, [ANI] = l.OxlO^M and [o-toluidine] =1.0xlO~^M. 
Compound ConcxIO'^M. Rate x 10"^  (mol/lit-min"') 
APS 1.0 2.32 
1.5 2.48 
2.0 2.56 
2.5 2.62 
3.0 2.71 
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4.3 Kinetics of copolymerization of aniline with p-toluidine in acidic medium 
Table 4.3.1 
[APS] =1.25xlO"M, [ANJ] =2.5x1 Q-'M, [jO-ToIuidine] =1.0xlO-^M, Temp =40"C. 
Time(min) Absorbance 
05 0.030 
10 0.035 
15 0.044 
20 0.056 
25 0.062 
30 0.066 
35 0.070 
40 0.074 
45 0.076 
50 0.078 
55 0.079 
kxlO r^  (min" 
3.0 
3.8 
4.1 
3.6 
3.2 
2.8 
2.5 
2.3 
2.2 
2.0 
') 
Table 4.3.2 
[APS] = 1.25x 10'^ M, [ANI] =2.5x 1 0"'M, 1/7-Toliiidine] =] .Ox 1 0"-'M, Temp-45''C. 
Time (iiiiii) Absorbance kxlO' (min" ) 
05 0.006 
10 0.009 8.0 
15 0.014 8.4 
20 0.017 7.6 
25 0.021 6.2 
30 0.025 5.7 
35 0.029 5.8 
40 0.032 5.0 
45 0.035 4.5 
50 0.037 4.5 
Table 4.3.3 
[APS]=!.250xl0"-M, [ANI] =2.5x10"-M, |/7-Toluidine]=4.0xl0"^M,Temp=30°C. 
Time (min) Absorbance kxlO" (min') 
10 0.011 
20 0.019 5.4 
30 0.025 4.1 
40 0.030 3.3 
50 0.033 2.7 
60 0.035 2.3 
70 0.037 2.0 
80 0.038 1.7 
90 0.039 1-5 
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Table 4.3.4 
[APS] =^1.25xlO--M, [ANI] =2.5xlO--M, [;7-Toluidine] = 2.0X10-'M, Temp =35''C. 
Time (min) Absorbance kxlO"'(min-') 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
0.009 
0,018 
0.027 
0.038 
0.050 
0,061 
0.068 
0.075 
0.081 
0.086 
6.9 
5.4 
4.8 
4.2 
3.8 
3.3 
3.0 
2.7 
2.5 
Table 4.3.5 
[APS] =1.25xl0-M, [ANI] =2.5xl0-^M, [/7-Toluidine]=1.0xlO-'M, Temp=30°C. 
Time (min) Absorbance kxlC (min"') 
05 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
0.021 
0.023 
0.025 
0.026 
0.027 
0.028 
0.030 
0.031 
0.032 
0.035 
0.037 
1.8 
7 
4 
2 
Table 4.3.6 
[APS]=1.0xlO"-M. [ANI] ,5xlO'M, [y>Toluidine]=1.0xlO"-M, Temp=25"C. 
Time (min) 
05 
10 
15 
20 
25 
30 
35 
Absorbance 
0,041 
0.043 
0,045 
0.047 
0.049 
0.051 
0.052 
kxl0"'(min-') 
0.9 
0.9 
0.9 
0.9 
0.87 
0.79 
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4.4 Results and Discussion 
4.4,1 Chemical oxidative polymerization 
Polymerization of aniline into polyaniline was found to take place very 
quickly as observed by the color change of the reaction from pale -> bluish 
green -> green within few minutes of the addition of the oxidant. The 
appearance of green color in the reaction mixture is taken as the indication of 
copolymerization. The copolymerization of aniline with ;?-toluidine was 
observed to be very slow process. The time taken for the initial color change 
was around 10-20 minutes depends on the molar ratio of the aniline with o-, m, 
and/?- toluidine. It can be seen that the rate of reaction decreases as the ratio of 
p-toluidine increases in the reaction mixture. The copololymerization of aniline 
with o-toluidine is also found to be slow process as compared with the 
homopolymerization of aniline into polyaniline. it is a qualitative indication 
that in presence of toluidine units, the aniline monomeric units alone cannot 
polymerize, rather /^-toluidine and o-toluidine units are getting incorporated in 
the polymer backbone. 
Protonation play an important role in the chemical polymerization of 
aniline [7-8J. The presence of methyl groups on o-toluidine and /7-toluidine 
result in increase in the electron density in the phenyl rings and amino atoms 
which may not facilitate the polymerization, because then the affinity for 
nitrogen is increased. Presence of methyl groups can then explain the observed 
decrease in the rate of polymerization on the basis of steric hindrance. The 
steric effect is more pronounced during the polymerization of the aniline with 
p-toluidine than the other member of this family. The anilinium cation radical 
produced first during the polymerization can exit in three canonical structures 
as shown in the figure 4.4.1.a [9]. 
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A 
+ • 
NH2 
H 
NH: NH2 
B C 
Figure. 4.4.1.a Canonical structure of anilinium cation radical of aniline. 
NH2 
D 
Figure.4.4.1.b Cation radical produced in o-toluidine 
CH. NH2 CH^ 
G 
NH, 
Figure 4.4.I.C. Cation radical produced in/j-toluidine 
The corresponding cation radical produced in o-toluidine and /7-toiuidine 
may be shown as in figure 4.4.l.b and figure 4.4.l.c respecfively. 
A comparatively poor yield of the copolymers of aniline with/7-toluidine 
may be a qualitative indication that the copolymers are of lower chain length 
and copolymerization process may get easily terminated. In general, then, a fast 
chemical coupling reaction follows the initial oxidation of subsfituted anilines, 
which produce a 4-substituted 4-aminodiphenylamine in its oxidized form. The 
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aniline (and o-toluidine ) with an unsubstituted para position involves both the 
head-to-tail coupling to give the 4-ADA derivative and tail-to-tail coupling to 
give an oxidized benzidine [11]. 
It can be seen from the table (4.2.1 to 4.2.5 and 4.3.1 to 4.3.6 for o-and 
/?-toluidine respectively) that the rate of reaction and value of specific rate 
constants for various concentration of the aniline with o- and /?-toluidine. The 
order of reaction with respect to each reactant can be predicted. It is the 
electron-donating group -CH3 that retards the polymerization of aniline. We 
have observed the ease of polymerization is significantly different for mixture 
of aniline containing o-, m- and /?-toluidine. It is due to the difference in the 
basicity of three toluidines. The pKb values are in the order 
o-toluidine» m- toluidine >p- toluidine > aniline 
The relative K|, values can be taken as a measure of the electron donating 
capacity by methyl -group in the respective positions. Due to inductive effect of 
methyl group induces a drift of electrons in the sense of donating electron to the 
ring. Protonation is an important step in the polymerization of aniline [3, 4]. In 
aqueous medium, aniline predominantly exists as anilmium cation and aniline 
cation radical is produced first during the polymerization process, which may 
recombine to benzedine [5, 6] or participate in the growth of polyaniline chain 
in the pemigraniline form. The protonated repeat unit of this form is responsible 
for the initial color change [7, 8]. After all oxidizing agent has been completely 
consumed the pemigraniline may take over the role of an oxidant and become 
reduced by aniline [9] to yield the final product in the emereldine form. The 
presence of methyl groups may retard the whole of this process in the reacting 
system. The steric hindrance of methyl groups may also affect the rate of 
polymerization reaction. 
Ihe polymerization reaction involving different substituted toluidine was 
carried at 25" to 40''C as the o-toluidine was found to be completely soluble in 
the reaction medium at this temperature range. The o-toluidine unit has been 
successfully incorporated in the polymer backbone by the copolymerization of 
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mixture of o-toluidine and aniline in various molar ratios. Consequently, the 
kinetic study was performed and specific rate constant values were calculated 
from the integrated first-order kinetics equation. 
The o-toluidine causes a greater electronic activation effect due to the -
CH3 group and inhibits the initiation to greater extent. In this copolymerization, 
the polymerization may get easily terminated after forming some low molecular 
weight oligomers resulting in poor yield of the copolymers in comparison to 
polyaniline. There is decrease in rate of reaction with increase in molar ratios of 
toluidine in the reaction mixture, thus, % yield decreases gradually. In the 
reaction involving /7-toluidine, the polymerization should take place by the 
coupling at ortho position to -NH2 groups. The stable free radical is then 
produced at the ortho- position [1]. In the system containing o- and m-
toluidine, the coupling should be more favorable at para position to NH2 groups, 
favoring the head-to-tail sequence. The o-toluidine suffers a greater electronic 
activation effect than the remaining two as is evident from its higher inductive 
effect. 
4.4.2 Kinetic studies 
A systematic approach was considered to establish the dependencies of 
Rp on [APS], [ANI] and [toluidine]. A change in concentration of aniline in the 
range of (1x10"'M to lxlO""'M) and also same was done for o-, m- and p-
toluidine in the range of (1x10' to 1x10' ) to study the course of polymerization 
while keeping the [APS] (1.0x10'^ to 1.0xlO'-')!Vl. The plots were obtained for 
absorbance versus time for the course of polymerization for aniline with 
toluidine. These plots were almost similar and showed the time dependence of 
growth of absorbance at 330 nm. For aniline and toluidine, the Rp values were 
obtained, the plot of log [absorbance] versus time gives almost straight line 
with negative slope figures (4.2.l.a to 4.2.5.a and 4.3.La to 4.3.6.a for o- and/?-
toluidine respectively). This confirms the first order dependence of Rp on 
[toluidine]. Further the plot of Rp vs. [ANI] was given in Figure.4.2.7. The plot 
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in the figure shows a straight line passing through the origin confirming the first 
order dependence of Rp on [ANI]. Similarly, by varying the [APS] for fixed 
value of [ANI], two different sets of experiments were performed. 
After changing the [APS] by keeping [ANI] and [toluidine] as constant, 
Rp was found to have first power dependence on [APS]. The plot of Rp versus 
[APS] was found to be a straight-line figure 4.2.7. This dependence of APS and 
substrate on Rp was used to deduce rate expression for copolymerization of 
aniline with toluidine in the present study. 
In this study the emphasis has been given on the kinetics of 
copolymerization of aniline with o-, m and /7-toluidines by chemical oxidative 
polymerization in presence of ammonium per sulfate as an oxidant. 
It is with the continuation of the earlier studies [1-6] on kinefics of 
oxidative chemical polymerization of aniline and substituted toluidine (o-, m-, 
p- toluidine) by ammonium per sulfate (APS) as an oxidant in aqueous 
hydrochloric acid as a solvent. The kinetics of oxidation of aniline and other 
aromatic amines by APS was investigated at several initial concentration of 
reactant. APS as an oxidizing agent in 0.5M hydrochloric acid medium was 
used to carry out the chemical oxidative polymerization of these aromatic 
amines. The progress of the polymerization was followed by UV-vis 
spectroscopy. UV-vis absorption spectra obtained may be represented in figures 
4.2.1-4.2.5 and 4.3.1-4.3.6 for o- and/7-toluidine respectively, recorded at X^^x 
for the APS initiated chemical copolymerization of aromatic amine for selected 
conditions. 
The spectrophotometeric kinetic studies were performed on the basis of 
the absorbance (optical density) noted at X^ ax as a function of time. These 
reading were conveniently made with a Genesis 20 Spectrophotometer, for 
relatively slow reactions. The sample was withdrawn from the thermostated 
reaction mixture for measurement. The specific rate constant k values were 
calculated from the first order integrated rate equation, for absorbance noted at 
different time intervals are given in the table 4.2.1 to 4.2.5 and 4.3.Ito 4.3.6 for 
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o- andy9-toluidine respectively. 
Order in per sulfate 
The kinetics was examined under pseudo-first order condition, at an 
amine : per sulfate ratio of 10:1, the disappearance of per sulfate followed 
apparent first order kinetics for about 80% of the reaction, as the plots of 
persulfate the plots of the logarithm of per sulfate concentration versus time are 
drawn. The plots show a negative deviation. 
Order in Amine. 
Since the reaction was carried out under pseudo-first order condition for 
different concentration of APS and aromatic amines. The values are obtained 
for the rate of reaction and these are plotted against [APS] and [aminesj.lt gives 
a straight line passing through origin, having positive slope of one. It indicates 
first-order dependence on both [APS] and amines. The constant values are 
obtained from the first order integrated rate equation 
k = (2.303/t) X log (0,70). or more properly from 
k = (2.303/t) X log (D«,-Oo/Doo-D). 
Since 0„ is essentially constant, also, D=8/c, where e is the molar 
extinction coefficient, / is the thickness of the absorbing medium and c is the 
molar concentration. The specific rate k values confirmed the first order 
dependence on both [APS] and [amines]. It can be seen from the tables (4.2.1-
4.2.5 and 4.3.1-4.3.5 for o- and/7-toluidine respectively). The reaction is first 
order in amine. We may thus write the rate law, 
Rp=k[S208 '^][amines] for major part of the reaction. 
Effect of temperature on the reaction rate 
The effect of changing temperature was examined in the range 25-40 C. 
As the temperature increases, the rate of the reaction should increase according 
to Arrhenius equation. This increase in the rate of the reaction is expected 
generally to be about 3-4% perlO-degree increase in the temperature. 
Fig.4.4.2.a, 4.4.2.b and 4.4.2.C for aniline and with o- and p-toluidine shows the 
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Arrhenius plot of logarithmic rate of polymer formation versus 1/T. The 
apparent values of energy of activation (Ea) for aniline and with o- and p-
toluidine are determined to be 13.20, 28.51 and 81.30 KJ/mol respectively, 
which corresponds to an increase in the rate of reaction by 3-4 % per 10-degree 
increase in the temperature. The plot log k versus 1/T is nearly linear with 
negative slope of -1.48 and -4.33 for o- and p-toluidine respectively. This 
further confirms the first-order dependence in each per sulfate and amines in 
the course of chemical oxidative copolymerization reaction. This also helped to 
deduce the kinetic rate expression for the chemical reactions of the aromatic 
amines in the present study. 
Table 4.4.2 
Values of rate constants for polymerization aniline with o, and 
p-toluidine Solvent 0.5 M H2SO4: pH 3-4 
kxlO-^(l.mor'min"') 
Amine 25° 30° 35° 40" Ea KJ/mol Fig. 
Aniline 2.23 2.4 2.67 2.89 13.20 4.4.2.a 
o-toliudine 0.52 0.37 0.42 0.55 28.51 4.4.2.C 
p-toluidine 0.9 1.4 1 2.53 3.90 81.30 4.4.2.C 
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4.4.3 Confirmation of polymer formation 
Polymer fonnation was confirmed when it had been kept for more than 
24 hours. A dark green color of the reaction mixture was developed in the 
sample. With the increase in the oxidation, the polymer-film formed darkens 
more and more and finally become black and washed with excess of methanol 
further; it was dried under vacuum for more than 24 hrs. During the 
polymerization, the medium was homogeneous through out, which confirm the 
fact that polymer formed was soluble in aqueous hydrochloric acid medium. A 
dark green color was observed after keeping the solution for several hours. 
4.4.4 FTIR Spectral Studies 
The FTIR spectra of polyaniline and copolymer are shown in figure 4.4. 
The FTIR spectrum of polyaniline shows two major absorption at 1589.5 cm" 
and 1492.4 cm"' which are ascribed to the C=C vibrations of benzenoid and 
quinoid units respectively [10-11]. The relative intensity of quinoid to 
benzenoid band is a measure of the degree of the oxidation of the polymer 
chain [12]. It can be seen from the spectra of polyaniline that the number of 
quinoid units are almost equal to the number of benzenoid units. The band 
appeared at 1299 cm"' is due to C-N stretching vibrations of benzenoid-qunoid-
benzenoid sequence [11, 14]. There is strong band observed at 1125 cm"' which 
may be the characteristic band of the charged defect [15, 16]. The weak band 
around 810 nm is ascribed to the C-H out of plane bending vibrations. A 
comparatively weaker band -3300 is due to N-H stretching vibrations and the 
band -3140 is due to ring -C-H stretching vibrations. FTIR spectrum of 
poly(aniline-co-o-toluidine)l:l shows two major absorption peaks at 1583.4 
cm"' and 1515.3 cm"' which are attributed to C=C vibrafion of benzenoid and 
quinoid units respectively [10-11]. The relative intensity corresponding to 
quinoid band is slightly lesser than the intensity of benzenoid band suggesting 
that the oxidized quinoid units are slightly lesser than the benzenoid units. 
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Figure .4.4 FTIR Spectra of Re/ \>S J 
(A) Polyaniline 
(B) poly(aniline-co-o-toluidine) 1:1 
The band at 1124.5 cm'' corresponds to charged defect [15,16]. The 
band at 1293 cm"' is due to the C-N stretching vibrations. Unlike the spectra of 
polyaniline, the band observed at 1385.5 cm"' is attributed to C-H bending 
vibrations of-CHs groups. Similarly, the bands between 890-1112.6 cm"' are 
attributed to 1,2,3-trisubstitution of benzene ring and ascribed to the C-H out of 
the plane and in plane bending modes [17,18]. The weak band around 3160cm"' 
is attributed to -C-H stretching vibrations and the band at -2950 cm"' is 
attributed to -C-H stretching vibration of methyl group. 
The FTIR spectrum of all the copolymers of aniline with ;?-toluidine 
shows the characteristic bands of C=C vibrations benzenoid and quinoid units. 
The benzenoid C=C vibration occur at -1582.47 cm"', -1579.56 cm"' and at 
-1567 cm" and the quinoid vibrations occurs at -1504 cm"', -1501.9 cm"' and 
-1505.5 cm"' respectively for poly(aniline-co-/7-toluidine)I.i, poly(aniline-co-
;?-toluidine)l:2 and poly(aniline-co-j9-toluidine)l:3, comparatively weak bands 
observed around -1405 cm"' in poly(aniline-co-jt7-toluidine)l:l, -1406 cm"' in 
poly(aniline-co-p-toluidine)l:2 and at 1403 cm"' in poly(aniline-co-/?-toluidine) 
1:3 may be attributed to -C-H bending vibration of -CH3 groups. The band 
observed at 1310.8 cm"' in poly(aniline-co-/7-toluidine)l:l and at -1301.44 cm'' 
in poIy(aniline-co-/?-toluidine)l:2 and at 1287 cm'' in poly(aniline-co-/?-
toiuidine)! :3 are attributed to C-N stretching vibrations. It can be seen that, this 
absorption shift to lower frequencies as the ratio of/?-toluidine increases in the 
copolymer composition. The bands at -819.25 cm'' for (aniline-co-/?-toluidine) 
1:1, -810 cm' (aniline-co-/7-toluidine)l;2 and -813 cm'' for (aniline-co-/?-
toluidine) 1:3 and the multiple bands between -1014 cm'' -1046 cm"' in all the 
copolymers are attributed to 1, 2, 4 trisubstitution of the benzene ring, that can 
be ascribed to C-H out of plane and in-plane bending modes respectively. The 
comparatively weak bands -3300 cm'' are attributed to N-H stretching 
vibrations. 
4.4.5 UV-VIS Spectral Studies 
UV-vis absorption spectra of the base form of poly(aniline-co-/?-
toIuidine)l:l and poly(aniline-co-/7-toluidine)l:l in DMSO are shown in figure 
4.5 and that of poly(aniline-co-o-toluidine)l:l and poly(aniline-co-/?-
to!uidine)l.i are shown in figure 4.6. The UV-vis spectra of the as prepared 
protonated form of the copolymer of aniline with /7-toluidine taken in DMSO 
and H2SO4 are also shown in figure 4.7 and 4.8 respectively. The corresponding 
absorption peak position are presented in table 4.4 
Table 4.4 UV-vis peak position (nm) of base form and tlie protonated for 
of the polymers in various solvents 
Polymer 
PANl 
P(AOT)l:l 
P(APT)!:1 
P(APT)1:2 
P( APT) 1:3 
Base form 
DMSO 
325,626 
320,598 
300,590 
291,581 
280,570, 
DMF 
326,620 
321,596 
290,579 
287,572 
278,567 
Protonated form 
DMSO 
300,406,605 
299,409,571 
290,411,535 
H2SO4 
320,430,57] 
319,425,571 
320,425,571 
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Figure4.5 U V-VIS spectra of base form of the copolymer in DMSO ^ei ["^-ij 
(A) poly (aniline-co-o-toluldine) 1:1 
(B) poly (aniline-co-/)-toluidine) 1:1 
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Figure 4.6 UV-VIS spectra of base form of the copolymer in DMSO 
(A) poly(aniline-co-tf-toluidine) 1:1 
(B) poly(aniline-co-/J-toluidine) 1:1 
QeiurJ 
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It is clear from figure 4.5, that both the copolymers poly(aniIine-co-o-
toluidine)l:l and poly(aniline-co-/?-toluidine)l:l show two major absorptions 
corresponding n-^n* transition and benzenoid to quinoid exciton 
transitions[ 19-21]. The benzenoid to quinoid exciton band are found to occur at 
598nm and 590 nm respectively for poly(aniline-co-o-toluidine)l:l and 
poly(aniline-co-o-toluidine)l:2. A hypsochromic shift (blue shift) is found both 
in the bands corresponding to n^n* transition and in the exciton transition for 
the copolymers as compared to that in polyaniline. The shift is more prominent 
in poly(aniline-co-jC-toluidine)l:l. As can be seen from figure 4.6, poly(aniline-
co-/?-toluidine)l :2 shows the TI ^  TI* transition at 291 nm and the benzenoid to 
quinoid transition band at 570 nm. The corresponding bands in poly(aniline-co-
/?-toluidine)l:3 occurs respectively at 280 nm and at 566 nm. ft is clear from 
table 4.4 that, the blue shift increases as the ratio of the /?-toluidine units 
increases in the copolymers derived from aniline and/?-toluidine. 
The band corresponding to 7i->7X* transition is measure of the extent of 
conjugation between the adjacent phenyl rings of the polymer. When methyl 
groups are present on the phenyl rings, they substantially alters the planarity of 
the system and influence the 7i-orbital overlap resuhing in a shift in the n->n* 
transition band. Thus the blue shift observed in the copolymers is due to the 
presence of methyl group present in the phenyl rings, which ultimately resuks 
in the increase of band gap of the polymers [12, 22]. The planarity of the phenyl 
rings in the polymer chain is seen to be affected to a greater extent in the 
copolymers of aniline with/j-toluidine. 
The exciton band produced by the inter/intra-chain charge transfer is 
attributed to absorption from the highest occupied molecular orbital (HOMO) 
band centered on the benzenoid units to the lowest unoccupied molecular 
orbital (LUMO) band centered on quinoid units. The band is a measure of 
extended conjugation [22, 23]. The blue shift observed for this band in the 
copolymer is explained in terms of an increase in the ring tortional angle 
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between the adjacent phenyl ring caused by the steric effect due to the presence 
of methyl groups on the ring, greater the steric effect, greater will be the extent 
of blue shift. It is clear from the above discussion that, both the copolymer of 
aniline with o-toluidine and/?-toluidine suffers greater steric effect as compared 
to polyaniline. Copolymer of aniline with/?-toluidine suffers a larger increase in 
the tortional angle between adjacent phenyl rings due to greater steric effect 
caused by the p-toluidine unit which is obviously greater than that produced in 
the poly(aniline-co-o-toluidine) due to the presence of o-toluidine units. 
The relative intensity of the exciton band is measure of the degree of 
oxidation of the polymer chain [23]. It is clear from the figure-4.5, the intensity 
of this band in both poly (aniline-co-o-toliudine) 1:1 and poly(aniIine-co-p-
toliudine)l:l remain almost the same, suggesting that oxidation state of these 
polymers is almost same. But the intensity of the exciton band is less in the 
copolymer as compared to the intensity of the exciton band of polyaniline 
suggesting that the oxidation of state of copolymer is lesser than that of 
polyaniline. Comparing figures 4.5 and 4.6, it can also be concluded that, as the 
ratio of/?-toluidine increases in the copolymer of aniline with /7-toluidine, the 
oxidation state of the copolymer decreases. Thus the number of quinoid units is 
higher in poly(aniline-co-/?-toliudine)l:l and lowest in poly(aniline-co-/?-
toluidine)l:3. This support the findings of FTIR spectra of these polymers as 
explained under the heading FTIR Spectral studies. 
The UV-vis spectra of the as-electronic spectra of the protonated form of 
the copolymers of aniline with /7-toluidine in DMSO show an additional peak 
around 410 nm as seen from figures 4.7 and 4.8.These bands ascribed to the 
polaron transition [23, 24]. The band around 800 nm, generally observed for 
protonated form of polyanilines corresponding to inter-chain transition is not 
observed here. However, unlike the spectra of base form of the copolymers, the 
absorption tail in the spectra of protonated form is not approaching zero 
absorbance. 
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Figure 4.7 UV-VIS spectra of as-preapred protonated form of the copolymers in 
DMSO l^ei-2-S] 
(A) poly (aniline-co-/7-toluidine) 1:1 
(B) poly (aniline-co-p-toluidine) 1:2 
(C) poly (aniiine-co-/7-toluidine) 1:3 
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Figure 4.8 U V-VIS spectra of base form of the copolymer in H2SO4. 
(A) poly (aniline-co-/7-toluidine) 1:1 
(B) poly (aniline-co-/»-toluidine) 1:2 
(C) poly (aniline-co-/7-toluidine) 1:3 
R^f-[2^] 
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A blue shift is also observed for these three band in the spectra of 
copolymers of aniline with p-toluidine recorded in DMSO, the extent of which 
increases with increase in the ratio of p-toluidine. Figure 4.8 shows the spectra 
of copolymer of aniline with ;?-toluidine taken in H2SO4. It is clear from the 
figure 4.8 and table 4.4 that the bands corresponding to TT-^ TX* transition, 
polaron transition and benzenoid to quinoid exciton transition are also observed 
when the spectra are recorded in H2SO4, Here it has not shown any apparent 
shift in the two major absorptions corresponding to n-^n* transition and 
benzenoid to quinoid transition, though there is a blue shift in the absorption 
band corresponding to polaron transition, the extent of which increases as the 
ratio of/7-loluidine increases in the copolymers. 
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CHAPTER'5 
SPECTROANALYTICAL STUDY ON OXIDATION OF 
ANILINE WITHALKYL SUBSTITUTED ANILINES BY 
AMMONIUM PER SULFATE: A KINETIC STUDY 
CHAPTERS 
SPECTROANALYTICAL STUDY ON OXIDATION OF ANILINE 
WITH ALKYL SUBSTITUTED ANILINES BY AMMONIUM PER 
SULFATE: A KINETIC STUDY 
5.1 Introduction 
The oxidation of aromatic amines (vV-methylamine and A'^ A^  
dimethylamine) by benzoyl peroxide has been extensively studied [1-13], and 
much of the work reviewed by Walling [14]. This system is of particular 
interest since it produces free radicals which can initiate polymerization. There 
still exits a good deal of confusion about the kinetics of the reaction. Homer 
and Scherf [3,4] have attempted to make comparative studies of the effect of a 
large number of substituted dimethyaniline derivative on the rates of 
decomposition of benzoyl peroxide. The results obtained by following the 
initiation of polymerization by this system also exhibits complex kinetics [9, 
13]. The reaction of aromatic amines with persulfate ions in aqueous base to 
fonn o-aminoaryl sulfate was first reported in 1953 by Boyland et.al. The 
reaction appropriately be named the Boyland-Sims oxidation. Primary, 
secondary and tertiary aromatic amines are all successfully converted to the o-
sulfate esters, although the yields of isolated materials are frequently poor. 
Here, the copolymerization of aniline with 7V,7V-dimethyamine, N- methylamine 
initiated by ammonium per sulfate in acidic medium has been studied. The 
reaction was a bit fast to study the kinetic parameters of this reaction system. 
Even though, some results were obtained after carefully noting the absorbance 
for the course of polymerization for different sets of conditions. 
5.2 Kinetics of copolymerization of Aniline with A'jA'-dimethylamine 
initiated by per sulfate in acidic medium 
Table 5.2.1 
[APS] =lxlO'^M, [ANl] ^IxlQ-'M, [DMA] = I x l Q - ^ Temp =40° C. 
Time (min) Absorbance k xlO"^(min"') 
5 0.031 
10 0.038 4.07 
15 0.050 4.78 
20 0.070 5.43 
25 0.084 4.98 
30 0.100 4.68 
35 0.102 3.97 
40 0.107 3.54 
0.109 3.14 
Table 5.2.2 
[APS] =1XI0 ' 'M, [ANl] =1X10-'M, [DMA] =2X10"'M, Temp =35° C. 
Time (min) Absorbance k x]0"^(min'') 
1.8 
2.0 
3.0 
3.2 
3.2 
2.8 
2.6 
2.7 
[APS] =1x10"^ [ANl] =lxlO"'M, [DMA] =1.0xl0-^M, Temp =45°C. 
Time (min) Absorbance kxlO"(min') 
05 0.056 
10 0.077 6.3 
15 0.107 6.4 
20 0.145 6.8 
25 0.240 7.5 
30 0.346 7.5 
35 0.382 6.6 
40 0.509 6.5 
45 0.575 6.0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
Table 5.2.3 
0.021 
0.023 
0.028 
0.033 
0.040 
0.045 
0.050 
0.053 
0.055 
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Table 5.2.4 
[APS] =1X10-'M, [ANI] =1X10-'M, [DMA] =1X]0- 'M, Temp=31"C. 
Time(min) Absorbance kxlO'''(min"') 
05 0.050 
10 0.056 2.26 
15 0.060 1.82 
20 0.065 1.74 
25 0.072 1.82 
30 0,080 1.88 
35 0.087 1.84 
40 0.095 1.83 
45 0.102 1.78 
50 0.107 1.69 
55 0.111 1.59 
Table 5.2.5 
[APS] =1X10"'M, [ANI] =lx 0"'M, [DMA] =5X10-'M, Temp =31° C. 
Time (mill) Absorbance k xlO'^(min"') 
1.9 
2.1 
2.1 
2.0 
1.7 
1.6 
1.4 
1.4 
1.4 
1.4 
1.5 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
Table 5.2.6 
0.238 
0.262 
0.295 
0.329 
0.357 
0.370 
0.387 
0.399 
0.431 
0.460 
0.490 
0547 
Effect of [DMA] on the Rp for the copolymerization of aniline with DMA in acidic 
medium, [APS]=1.0x10"^ M. 
Compound Conc.xlO'^M Rate xlO"* (moi/iit-min"') Fig.5.2.6 
DMA 1.0 1.5 
2.0 2.6 
3.0 3.8 
4.0 5,2 
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Table 5.2.7 
Effect of [APS] on the Rp for the copolymerization of DA^ with aniline in acidic 
medium [APS] = I.OxIO'^ M and [DMA] =1.0"^M. 
Compound Cone, x lO'^ M. Rate x lO'^mol/lit-min"') Fig. 5.2.7 
[APS] 1.0 2.40 
1.5 4.12 
2.0 5.21 
2.5 7.84 
3.0 10.3 
Table 5.2.8 
Effect of [ANl] on the Rp for the copolymerization of DMA with aniline in acidic 
medium, [APS] = 1.0xlO"-M and [DMA] =1.0" 'M. 
Compound Cone, x 10'^  M Rate x 10"'mol/lit-min'' Fig. 5.2.8 
[ANI] 1.0 2.3 
1.5 4.0 
2.0 5.81 
2.5 7.! 
3.0 8.0 
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5.3 Results and discussion 
The kinetic study of copolymers of aniline with substituted aniline for 
the different molar ratios of respective monomers in the presence of ammonium 
per sulfate under acidic medium was performed. It is with the continuation of 
the earlier studies [1-14] on kinetics of oxidative chemical polymerization of 
aniline and substituted aniline (TV-methylaniline A'ijV-dimethylaniline) by 
ammonium per sulfate (APS) as an oxidant in aqueous hydrochloric acid as a 
solvent. The kinetics of oxidation of aniline with other aromatic amines by APS 
was investigated at several initial concentrations of the reactants. APS as an 
oxidizing agent in 0.5M sulfuric acid medium was used to carry out the 
chemical oxidative polymerization of these aromatic amines. The progress of 
the copolymerization was observed by UV-vis spectroscopy. The plot of 
absorption versus time are obtained and represented in figures 5.2.1-5.2.5 
recorded at various time intervals for the APS initiated chemical polymerization 
of aromatic amines. 
The spectrophotometeric kinetic studies were performed on the basis of 
the absorbance (optical density) noted at X^ ax as a function of time. These 
reading were conveniently made with a Genesis 20 Spectrophotometer. The 
sample was withdrawn from the thermostated reaction mixture for 
measurement. The specific rate constant k values were calculated from the first 
order integrated rate equation, for absorbance noted at different time intervals 
are given in the table 5.2.1 to 5.2.5 for 7V ,^7V-dimethyIaniline. 
Kinetic studies 
Order in Per sulfate 
The kinetics is examined under pseudo-first order condition, at an amine: 
per sulfate ratio of 10:1, the disappearance of per sulfate followed apparent first 
order kinetics for about 70% of the reaction, as the plots of per sulfate the plots 
of the logarithm of per sulfate concentration versus time are drawn. The plots 
show a negative deviation. The rate increases with increase in the [APS]. 
A typical plot is shown in figure 5.2.7 
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Order in Amine, 
Since the reaction was carried out under pseudo-first order condition for 
different concentration of APS and aromatic amines. The values are obtained 
for the rate of reaction and these are plotted against [APS] and [amines]. It 
gives a straight line passing through origin, having positive slope of one. It 
indicates first-order dependence on both [APS] and amines. The constant values 
are obtained from the first order integrated rate equation 
k = (2.303/t) X log (DQ/D). or more properly from 
k = (2.303/t) X log (D -^Do/Doo-D). 
Since Doo is essentially constant, also, D= e / c, where e is the molar 
extinction coefficient, / is the thickness of the absorbing medium and c is the 
molar concentration. The specific rate k values confirmed the first order 
dependence on both [APS] and [amines]. It can be seen from the tables 5.2.1-
5.2.5 for//,A/-dimethylaniline. The reacfion is first order in amine. We may thus 
write the rate law, 
Rp=k[S208'^ ][aminesJ at least for major part of the reaction. 
Ammonium per sulfate was found to react with amines (Aniline, A'-
methylaniline and A^, A^-dimethylaniline) a bit fast. The reactions exhibit truly 
first order kinetics with respect to [S20g''']. It was found that the disappearance 
of [S208'^ ] gave a linear plot up to at least 70%. The order of reacfivity of 
aniline with secondary and tertiary amines is found to be aniline > N-
methylamine >N, 7V-dimethylaniline. The rate of homopolymerizafion was 
relatively higher than the copolymerization of aniline with substituted aniline, if 
the reactions were carried out with amine and per sulfate. This higher reactivity 
homopolymerization is explained on the basis of a steric and electronic effect. 
The higher rate is certainly not quite of the same order as expected by the pKb 
values of the amines [19]. The nucleophilicity of the amines towards the 
electron deficient centre in the SiOg"^  ion is bound to be different for the same 
property towards the proton. As the crowding around the nitrogen atom 
increases, the impact of molecular crowding will manifest itself as a steric 
retardation of the reaction. The geometry of the transition state of the Boyland-
Sims oxidation also points to a similar primary steric effect. The decreased rate 
of oxidation of aniline with A', A'^ -dimethylaniline is thus essentially due to steric 
effect destabilizing the transition state. However, the increased nucleophilicity 
of the jV-alkyl substituted anilines leads to an increased reactivity of both the 
secondary and tertiary amines over aniline. The observed order of reactivity of 
homopolymerization is greater than the copolymerization of aniline with 
secondary and tertiary amines. It is due to a combination of both steric and 
polar effects. This is also correspondingly reflected in the Ea values for these 
reactants. 
Effect of temperature on the reaction rate 
The effect of changing temperature was examined in the range 25°-40^C. 
As the temperature increases, the rate of the reaction should increase according 
to Arrhenius equation. This increase in the rate of the reaction is expected to be 
about 4-5 % per 10-degree increase in the temperature. Figures 5.2.9 and 5.2.10 
present the Arrhenius plot of logarithmic rate of polymer formation versus 1/T. 
The apparent values of activation energies (Ea) are determined to be 13.20, 
15.38 and 29.56 KJ/mol. The plot log k versus 1/T is nearly linear with negative 
slope of-1.490. This further confirms the first-order dependence in each aniline 
and TV.yV-dimethylanilne in the course of chemical oxidative copolymerization 
reaction. This also helps to deduce the kinetic rate expression for the chemical 
reactions of the aromatic amines in the present study. 
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Table 5.2.9 
Values of rate constants for polymerization aniline with A'-alkyI substituted aniline 
Solvent 0.5 M H2SO4: pH 3-4 
kxlO"^(l.mol''min-') 
Amine pKb' 25" 30" 35" 40" Ea KJ/mol Figure. 
Aniline 9.42 2.23 2.45 2.67 2.89 13.20 4.4.2.a 
A'-methylamine 9.15 1.91 2.15 2.35 2.64 15.38 5.2.9 
M A^-dimethylamine 7.44 1.01 1.23 1.46 1.69 29.56 5.2.10 
a A. Albert, A. Serjeant, E.P./'Ionization Constants of Acids and Bases" 
(Methuen:Lon.l962) 
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The plot of log k versus 1/T, the effect of temperature on the reaction rate 
13: 
FTIR Analysis 
The sample obtained after the oxidation of aniline with N,N-
dimethylaniline was investigated by FTIR analysis. The IR spectrum of the 
compound obtained by chemical oxidation poly(aniline-co-DMA)have 
absorption peak at (3400, 3210, 3120, 3060, 1630, 1590, 1500, 1300, 1250, 
1090, 825, 760, 690, 620 cm"'. These absorption peaks are the same as those 
obtained with chemically formed emeraldine [20]. The peaks at 3060, 1590, 
1500, 825, and 760 cm"' are characteristic of various vibration modes of the C-
H and C-C of aromatic nuclei [21]. Those at 3340, 3210, 3120, 1630, 1300, 
1250 cm'' correspond to the stretching of the NH bonds (3340, 3210, 3120 cm" 
'), of the C-N bond (1630 cm"') and C-N bonds (1300, 1250 cm"') of the 
secondary aromatic amines [20]. The IR spectra of the polymer obtained after 
the polymerization of aniline with DMA displays basic vibration peaks that are 
the characteristics of the different constituents attached to the benzene ring. 
Electronic Spectra 
The UV-vis absorption band of a dilute solution (0.0IM) of 
po]y(Aniline-co-DMA) in aqueous 0.5M H2SO4 are blue shifted relative to 
PANl in similar solution. Fig. 5.2.11 and 5.2.12. 
The benzenoid to 7r->7i;* transition at 440 nm and 398 nm in PANI shifts 
to 246 nm in the poly(Aniline-co-DMA)2:l. Similarly the "exciton" transition 
in PANI at 440 nm shifts to 246 nm in poIy(aniline co-DMA) 2:1. 
The CH3 groups substituted at the nitrogen on the benzene rings causes a 
decrease in the band gap due to their strong electron-donating nature. Also the 
higher oxidation in poly (Aniline co-DMA) results in larger steric strain 
increasing the torsional angle between adjacent rings [22-24]. This decreases 
the ineterchain interaction leading to a further increase of the band gap. Thus, 
UV-vis spectra provide supporting evidence that the oxidation levels are higher 
in poly(Aniline-co-DMA) than PANI. Another substantial explanation for the 
blue shift is that the spectrum is affected by the oxidation that occurs during 
oxidative polymerization. 
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